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1 Introdution
Understanding the evolution of galaxies has been one of the entral goals of
modern astronomy. In its simplest form, galaxy evolution an be divided into two
ategories, seular and environmental. Seular evolution is hange in a galaxy's
properties (i.e. star formation or struture) due to the internal properties of the
galaxy, suh as gas ontent or mass distribution. Environmental evolution is any
hange in a galaxy's properties due to external auses, suh as tidal interation
with other galaxies, aretion of gas from external soures, or removal of gas
from the galaxy due to some external agent. It has beome lear in the last 15
years that for galaxies in some environments, external soures of evolution are an
important, and perhaps dominant soure of the presently observed properties of
these galaxies. One prime example of galaxies for whih the environment seems
to play an important role are galaxies that reside in rih lusters of galaxies.
Although we now have ample evidene that the galaxy luster environment is
aeting the evolution of luster galaxies, the exat nature of the environmental
eets that our are still not well understood. This dissertation fouses on the
eet of the luster environment on the rate at whih luster galaxies are urrently
forming stars, ompared to omparable galaxies in less dense environments.
1.1 Morphologial Classiation of Galaxies
The study of the star formation properties of luster galaxies has traditionally
depended upon knowing the morphologial type of the galaxies being studied. For
this reason a brief review of the ommon morphologial lassiation systems in
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use today is warranted. Partiular note should be made of the similarities and
dierenes between the riteria used by the dierent morphologial systems.
1.1.1 The Hubble System
The rst widely used system for morphologially lassifying galaxies was devel-
oped by Hubble (1926, 1936), and later revised by Sandage (1961). The Hubble
system divides galaxies into two basi lasses, elliptials and spirals. Elliptial
galaxies (denoted with the symbol E) show a sharp entral onentration in their
light distribution, with a surfae brightness that drops smoothly with radius.
Besides this entral onentration, elliptial galaxies typially show little other
strutural detail.
There are two distint visible strutural features ommon to spiral galaxies, a
thin at disk, and a entral spheroidal bulge, whih is similar in harateristis to
a small elliptial galaxy. Spiral galaxies are further lassied based on whether the
galaxy has a entral bar or not. Non-barred galaxies are denoted as S, while barred
galaxies are denoted as SB. Spiral galaxies an be further divided into types, based
on three riteria: the tightness of winding of the spiral arms, the degree to whih
the arms an be resolved into bright, young stars, and the relative prominene
of the bulge as ompared to the disk. In eld galaxies it has been found that
these separate properties are well orrelated, in the sense that galaxies with the
most open and well resolved arms have the smallest bulge to disk ratio, while
galaxies with the most tightly wound arms also have the least well resolved arms
and largest bulge to disk ratios. The dierent subtypes in the spiral sequene
are denoted a,b,,d; with Sa galaxies having the most tightly wound and poorly
resolved arms, and Sd galaxies having the least tightly wound and most resolved
arms.
Later revisions of the Hubble system by Hubble and Sandage also inlude an
intermediate type between elliptial and spiral galaxies, denoted as S0 galaxies.
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Like spiral galaxies, S0 galaxies have both a disk and a bulge, but in S0 galaxies
the disk is relatively featureless, and shows no signs of either spiral arms or bright
young stellar assoiations.
Many observational studies over the years have demonstrated that there is
orrelation between the urrent level of star formation in a galaxy and the Hubble
type of a galaxy. Elliptial and S0 galaxies have little or no urrent star formation,
and the level of star formation inreases along the spiral sequene from little star
formation in galaxies of type Sa, to higher levels at the later types of S and Sd.
1.1.2 The Revised Hubble System
De Vauouleurs (1959) noted that galaxies show a muh greater range of mor-
phologial features than is denoted by the original Hubble system. Beause of
this, he proposed a revision of the Hubble system that inorporated more lasses.
Transitional types were introdued, espeially along the spiral sequene (e.g. S0a,
Sab, et.). An additional lass for galaxies of intermediate bar strength was in-
trodued, and the notation hanged so that non-barred galaxies were denoted as
SA, barred galaxies were denoted as SB, and galaxies with bars of intermedi-
ate strength were denoted as SAB. Additional notation was also introdued to
desribe the shape of a galaxy's arms, and the presene of any rings in the galaxy.
1.1.3 The Yerkes System
Noting the lose onnetion between the stellar populations and forms of
nearby galaxies, Morgan (1958) developed a morphologial system devised to ex-
ploit this orrelation. The fundamental parameter of Morgan's system is the
degree of entral onentration of the galaxy's light. Seondary parameters of the
lassiation sheme are the form family of the galaxy, (e.g. spiral, barred spiral,
et.) and the inlination lass of the galaxy.
4 Vitor Andersen
1.1.4 The DDO System
Beause of the lassiation riteria it uses, the Hubble type of a galaxy de-
pends both on its strutural properties (bulge to disk ratio) and its star formation
properties (degree of resolution of spiral arms into stars). For eld galaxies, these
dierent parameters are fairly well orrelated, so that both riteria give about
the same lassiation for a given galaxy. Van den Bergh (1976) noted that
there were some galaxies, whih seemed to our preferentially in lusters, that
had small bulge to disk ratios, but rather anemi star formation. This meant
that these galaxies do not t naturally into the Hubble sheme. Beause of this,
Van den Bergh proposed a new lassiation system that expliitly separated the
strutural properties of disk galaxies from their star formation properties, a sys-
tem ommonly referred to as the DDO system (DDO stands for David Dunlap
Observatory, the institution at whih Van den Bergh developed the morphologial
system).
In the DDO system, the subtypes a- were retained, but used to refer only to
the bulge to disk ratio. The urrent state of star formation of galaxy was denoted
by the symbols S0, A, and S; S0 galaxies having no urrent disk star formation,
A (for anemi galaxies) having weak disk star formation, while and S having the
highest levels of disk star formation.
1.1.5 Limitations of the Hubble System
The Hubble lassiation system is the most ommonly used morphologial
system. In terms of studying the properties of luster galaxies however, the Hubble
system has a few drawbaks. The rst is suggested by the inspiration for Van den
Bergh's (1976) DDO system; there seem to be a lass of disk galaxies that our
preferentially in lusters that are not well desribed by the Hubble system for
spiral galaxies. This leads to a problem where dierent observers have assigned
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radially dierent Hubble types to these galaxies, presumably due to dierent
observers giving dierent weights to the lassiation riteria of arm properties or
bulge to disk ratio when determining a galaxy's type. Note that this is a diÆulty
inherent to the Hubble sheme. The only remedy is to use another morphologial
system, suh as the Yerkes or DDO system instead, whih may not suer from
this diÆulty.
A seond problem with the use of the Hubble system involves the disparity
between the distanes to most galaxy lusters, and the galaxies that were used to
dene the Hubble system. The Hubble system was dened using relatively nearby
galaxies, whih allowed lassiation based upon what ould be seen in these
galaxies at relatively high spatial resolution. Most lusters are at muh greater
distanes than the galaxies used to dene the Hubble system. The orresponding
redution in spatial resolution means that the Hubble lassiation riteria for
spirals of arm resolution and tightness of winding are often diÆult to utilize for
luster galaxies. Therefore the Hubble types of luster galaxies rely more and
more heavily on the bulge to disk ratio in progressively more distant lusters.
1.2 Measuring the Star Formation Rate in Galax-
ies
Beause only the most nearby galaxies are resolvable into individual stars,
information about the star formation rate for most galaxies is obtained from their
integrated spetra. The urrent star formation rate is most easily traed by the
short lived, high mass, main sequene stars that radiate most of their energy in the
blue and ultra-violet parts of the spetrum. This means that the ux in a galaxy's
spetrum in the blue or ultra-violet gives a measure of the rate of massive star
formation in the galaxy. Beause star forming galaxies ontain signiant amounts
of neutral hydrogen, ultra-violet photons with wavelengths less than 912

A do not
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esape the galaxy. Instead these photons are aptured as they ionize the hydrogen,
whih later re-radiates the energy of the ultra-violet photon at longer wavelengths
as the hydrogen atom reombines. This means that hydrogen reombination lines
are also diret measures of the urrent rate of star formation. The most ommonly
used emission line for estimating the star formation rate in galaxies is the Balmer
H line.
1.3 Galaxy Clusters: Basi Properties
Galaxies are not spread evenly throughout the universe; rather they tend to
lump together in groups with various numbers of members. A typial galaxy is
a member of a group that ontains from a few to a few tens of galaxies. Galax-
ies found in groups like these represent the majority of high surfae brightness
galaxies in the universe and will be referred to in this dissertation as eld galax-
ies. A few perent of the galaxies in the universe reside in the rihest of these
groups, whih are alled lusters of galaxies. A typial rih luster of galaxies
will ontain hundreds or even thousands of galaxies within a radius of 1-2h
 1
Mp (h = H
0
=100km=s=Mp). Clusters of galaxies probably represent the largest
strutures in the universe that have had a hane to virialize.
Measurements of the line of sight veloity dispersions of galaxy lusters yield
values in the range 300-1300 km/se (Zabludo, Huhra, & Geller 1990). Clusters
of galaxies have been found to be bright soures of x-ray emission, with typial
luminosities in the range 10
43 45
ergs/se (for a review of luster x-ray emission, see
Sarazin [1988℄). X-ray spetral measurements show that the x-ray emission is due
to bremsstrahlung in a hot (T  10
7 8
K) tenuous (n  10
 3
m
 3
) plasma that
permeates the luster. Analysis of veloity data, as well as x-ray data, suggests
that the gravitating mass in lusters must greatly exeed the mass aounted for
by the luminous material in the lusters (i.e. galaxies + x-ray gas).
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Comparison of the morphologial mix of galaxies in low redshift rih lusters
with the eld shows that lusters tend to be populated mainly by spheroid dom-
inated galaxies (elliptials and S0's), while the dominant population in the eld
are disk systems (spirals) (Gisler 1980; Dressler 1980a).
1.4 Environmental Eets in Cluster Galaxies
The high galaxy density, hot intra-luster gas, and inferred large gravitating
masses of galaxy lusters are all possible agents that an alter a galaxy's star
formation history.
The presene of a hot intra-luster medium (ICM) in lusters suggests the
possibility that luster galaxies that are rih in ool gas (i.e. spirals) an have
their star formation altered by motion through and ontat with the hot gas.
Gunn & Gott (1972) suggested that luster spirals should have their interstellar
medium (ISM) stripped via ram pressure as the galaxy passed through the ICM.
In Gunn & Gott's piture, the removal of the ISM would lead to signiantly
redued star formation in the spiral, transforming the galaxy into an S0. The
ondition for ram pressure to eetively strip material from a galaxy's disk is

im
v
2
 2G
grav

ism
(1.1)
where 
im
is the mass density of the ICM, v is the omponent of the galaxy's
veloity with respet to the ICM perpendiular to the galaxy's disk, 
grav
is the
surfae density of gravitating matter in the disk of the galaxy, and 
ism
is the
surfae density of the galaxy's ISM. Dressler & Gunn (1983) have suggested that
ram pressure may temporarily ompress a galaxy's ISM, and thus inrease the
rate of star formation, before the ISM of the galaxy is swept away.
Observations of pairs of galaxies show that, as a population, paired galax-
ies have elevated rates of star formation as measured by the galaxies' H emis-
sion (Kenniutt, Keel, Van Der Hulst, Hummel, & Roettiger 1987), presumably
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triggered by tidal interations between the galaxies. Tidal interations an also
remove material from galaxies (Rihstone 1975), whih may over the long term
diminish a galaxy's apaity for forming stars. Traditionally the eetiveness
of galaxy-galaxy interations for triggering star formation in luster galaxies has
been questioned, sine the high veloity dispersions in lusters suggests that most
enounters should our with a high relative veloity, whih should have little
eet on the interating galaxies (see e.g. Bothun & Dressler 1986).
The large onentration of mass inferred to be in luster enters means that
the tidal eld due to the luster as a whole may also be an eetive agent in
stripping material from the outer parts of galaxies that wander too lose to the
luster enter (Merrit 1983). N-body alulations of the eet of the tidal eld
on a disk orbiting in the luster suggest that the struture of the galaxy will be
altered as the disk is strethed by the luster's tidal eld, and may even lead to the
thikening of the galaxy's disk (Byrd & Valtonen, 1990; Valluri 1993; Henriksen
& Byrd 1996). Byrd & Valtonen (1990) have suggested that the tidal eet of
the luster may lead to enhaned nulear star formation and nulear ativity in
luster disk galaxies, sine they see a signiant amount of gas ow into the enter
of their simulated galaxies.
Reently the question of what eet the high veloity enounters ommon in
galaxy lusters would have on the evolution of disk galaxies has been reexamined
(Moore, Katz, Lake, Dressler, & Oemler 1996; Moore, Lake, & Katz 1997). Based
on models of disk galaxies orbiting in a luster potential along with a population
of perturber partiles representing other luster galaxies, Moore et al. (1996)
nd that high speed enounters, working in onert with the eets of the luster
potential, an drive the evolution (on the time-sales of 3-5 Gyr) of disk systems
towards spheroid dominated systems, while at the same time stripping stars and
gas from the galaxy. They oin the term \galaxy harassment" to distinguish this
mehanism of multiple high speed enounters, whih should be ommon in rih
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lusters, from the more familiar low speed damaging enounters that our in less
dense galaxy environs.
1.5 Star Formation Properties of Cluster Galax-
ies
The fat that early type galaxies predominate in lusters means that overall,
the urrent level of star formation in luster galaxies is less than that in eld
galaxies. A more subtle and interesting problem is whether luster galaxies of a
partiular type have enhaned, normal, or redued star formation ompared to
similar eld galaxies. This question has reeived muh interest over the years, be-
ause of the diverse mehanisms that an operate in lusters, and may potentially
trigger or trunate the star formation in luster galaxies.
The impetus for Van den Bergh (1976) to develop the DDO system was the
existene of spirals that he haraterized as anemi, whih our preferentially
in lusters. Van den Bergh suggested that these galaxies were systems that had
their star forming disks trunated due to ram pressure stripping of their interstel-
lar medium. H observations of spiral galaxies in the Virgo Cluster by Kenniutt
(1983a) showed a population of spirals that had low H emission for their type,
although their level of emission was normal for their broadband olor. This re-
dution in H emission was interpreted as being due to gas ablation within the
luster environment. Kenniutt, Bothun, & Shommer (1984) studied the broad-
band olors and H emission of spiral galaxies in the lusters Abell 1367, Coma,
and Caner and onluded that the relationship between these parameters for the
luster galaxies was indistinguishable from that for eld galaxies.
A great step forward in people's thinking about the star formation properties of
luster galaxies was prompted by Buther & Oemler (1984), who used broadband
olor observations of lusters ranging in distane from the nearby Virgo luster, to
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lusters at redshifts of z  0:5. Buther & Oemler demonstrated two important
points using this data. The rst, and most often quoted, is that the fration of
galaxies signiantly bluer than a typial early type galaxy rises from a typial
value of 0.03 in low redshift lusters, to a typial value of 0.25 in lusters at red-
shifts of 0.5. The seond result, whih is generally not as well known, is that with
few exeptions, nearby lusters, even those with high frations of spiral galaxies,
have low blue frations. This seond result again suggested that spiral galaxies in
lusters were having their star formation redued by the luster environment.
Spetrosopi observations of galaxies in higher redshift lusters showed that
many of blue galaxies observed in these lusters had strong Balmer absorption
lines (Dressler & Gunn 1983; Couh & Sharples 1987; Dressler & Gunn 1992)
that are harateristi of either an atively star forming galaxy that had its star
formation trunated 1-2 Gyr ago, or of an early type galaxy that experiened a
strong temporary burst of star formation 1-2 Gyr ago. Spetrosopi observations
of red members of these same lusters showed that while some of the red galaxies
had spetra harateristi of an old, passively evolving stellar population, others
had strong Balmer absorption lines, suggesting that these systems were otherwise
passively evolving systems that had undergone a burst of star formation 1-2 Gyr
ago (Couh & Sharples 1987). Couh & Sharples (1987) alled these red galaxies
that show evidene for a reent burst of star formationHÆ strong galaxies, beause
they used the strength of the HÆ absorption line as a indiation of past star
formation.
Imaging of high redshift lusters with the Hubble Spae Telesope (HST) shows
that most of the blue luster galaxies are late type spirals, many of whih are
interating, but that the HÆ strong galaxies are predominately elliptial and S0
galaxies, whih show few signs of urrent or past interation (Dressler, Oemler,
Buther, & Gunn 1994; Couh, Ellis, Sharples, & Smail 1994). The ombination
of the spetrosopi and imaging results suggest that some mehanism in lusters
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must trunate the star formation in late type luster spirals, and alter them beyond
reognition by the urrent day. Dressler et al. (1994) and Couh et al. (1994)
suggest that the high number of blue galaxies in interating systems means that
mergers between these galaxies are onverting them to elliptial or S0 galaxies,
leading to the greater fration of early type galaxies in nearby lusters. The
senario for triggering the bursts in the HÆ strong galaxies is not as lear as
that for the spirals, sine Couh et al. (1994) nd little sign that the galaxies
are interating, or that they are merger remnants. This suggests that dierent
mehanisms may be responsible for the blue post starburst andHÆ strong galaxies.
Spetrosopi observations of E and S0 galaxies of modest luminosity ( 20:5

<
M
B

<  16:0) in the Coma luster by Caldwell, Rose, Sharples, Ellis, & Bower
(1993) turned up a population of red galaxies with strong Balmer absorption lines,
similar to the HÆ strong galaxies observed in higher redshift lusters by Couh
& Sharples (1987). This suggests that whatever mehanism operates to reate
HÆ strong galaxies at higher redshift may still be operating today, although with
lower amplitude. Caldwell et al. (1993) also found that these HÆ strong galaxies
ourred preferentially in a substruture about 2 Mp to the southwest of the
luster ore. Sine the strong Balmer absorption lines are indiative of something
that ourred 1-2 Gyr in the galaxies' past, and beause a typial speed for a
luster galaxy is 1000km=se  1Mp=Gyr, this suggests one of two senarios for
the loal environment where the event ourred. The rst is that the ativity ould
have been triggered further from the luster enter (3-4 Mp), on the sub-lusters
initial in-fall into the main luster. A seond alternative was suggested by Burns,
Roettiger, Ledlow, & Klypin (1994), who modeled the merger of a large and small
luster and were able to reprodue the urrent morphology of the Coma luster as
a system where the smaller luster had already passed through the enter of the
main luster, and was urrently emerging on the opposite side. In this piture,
the ativity was indued when the HÆ strong galaxies were roughly oinident
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with the ore of the main luster, possibly due to an interation with the shok
between the intra-luster medium of the two lusters that ours during the initial
ore passage of the smaller group.
The ase for Buther-Oemler type ativity in galaxies to be assoiated with a
galaxy's presene in a substruture was strengthened by observations of the luster
Abell 2125 at z  0:25 by Owen, Dwarkanath, Smith, Ledlow, Keel, Morrison,
Voges, & Burns (1996), who nd a population of blue, radio bright, galaxies
assoiated with a substruture 3-4 Mp from the ore of the luster. Additionally,
Wang & Ulmer (1997) have shown that there is a orrelation between the blue
fration in Buther-Oemler lusters and the elliptiity of the luster x-ray emission
on 3 Mp sales. Sine the elliptiity of the x-ray emission presumably reets
the dynamial state of the luster, suh that a higher elliptiity orresponds to
the luster being less dynamially relaxed, this result is suggestive of a onnetion
between Buther-Oemler type ativity and the merging of sub-lusters as lusters
grow.
Further imaging and spetrosopi observations of some of theHÆ strong galax-
ies in Coma were presented by Caldwell, Rose, Franx, & Leonardi (1996). Based
on analysis of their imaging and kinemati data for the galaxies, they nd that the
galaxies have signiant disk omponents, onsistent with the hypothesis that the
galaxies may have evolved from later type spirals. Analysis of the spatial distri-
bution of olor and line strength in these galaxies suggests that the star formation
ativity was onned to a region of radius a few kilo-parses around the ore of
these systems.
Imaging and spetrosopi observations of additional galaxies in the Coma
luster, as well as for galaxies in four other lusters that were seleted largely
due to the presene of signiant substruture in the luster, were presented by
Caldwell & Rose (1997). They nd a signiant population of HÆ strong galaxies,
and in one luster, a population of early type galaxies with an exess of urrent
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star formation. Based on their analysis of these lusters, they onlude that star
formation is triggered in the HÆ strong galaxies during the initial ore rossing as
the lusters merge, and not at greater distanes from the luster enter.
In summary, the evidene for environmental alteration of the star formation
rate in galaxy lusters is mixed. At low redshift, most luster spiral galaxies
seem to have star formation rates indistinguishable from omparable eld spirals,
although there may be a small population of galaxies with redued star formation.
At higher redshift, luster spirals seem to show enhaned numbers of interating
systems, with urrent or reently trunated star formation. Finally, at both high
and low redshifts there is a population of early type galaxies that show signs
of star-bursts 1-2 Gyr in the past. The morphologies of the HÆ strong galaxies
suggest that they are not due to mergers or strong galaxy-galaxy interations, and
thus that they may be produed by a dierent mehanism than the blue galaxies
in Buther-Oemler lusters.
1.6 Purpose of Dissertation
The purpose of this dissertation is threefold. The rst goal is to reexamine
the global properties of urrently star forming galaxies in nearby lusters, suh as
morphologial type, broadband olor, and H equivalent width, to see whether
they show any signs of environmental alteration. A part of this reexamination will
be to separately onsider lusters in dierent stages of dynamial evolution, in an
attempt to determine whether luster dynamis as a whole may drive aelerated
galaxy evolution.
The seond goal of this dissertation is to use a omplete H and broadband
survey of the Herules luster, whih is the best low redshift example of a un-
relaxed, spiral rih luster, in order to searh for orrelations between an exess
of H emission in galaxies and the presene of the galaxies in sub-lusters within
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the luster. An H survey has a distint advantage over earlier studies that
used HÆ strong galaxies to study the orrelation of enhaned star formation with
substruture, sine the H emission reets the most reent star formation in
galaxies, while the HÆ absorption strength is due to star formation 1-2 Gyr in the
past. This means that the loal environment of an H exess galaxy reets as
nearly as possible the environment in whih the triggering event ourred. This
removes the need to try to infer where the galaxy was 1-2 Gyr ago, as is neessary
when studying HÆ strong galaxies. In addition, the use of a spatially omplete
survey will allow a detetion of all galaxies that are urrently H emitters, unlike
earlier surveys that primarily onentrated on observing spiral galaxies.
The nal goal of this dissertation is to use the spatial distribution of H
emission within individual Herules luster galaxies, in an attempt to onstrain
the nature of the interation giving rise to the enhaned H emission.
2 Sample Seletion and Data
Colletion
This hapter desribes the seletion of the luster and galaxy samples that
were observed optially at the Lowell Observatory. Details of the basi image
redutions are disussed, and basi data for the observed galaxies are presented.
2.1 Cluster Seletion
An initial list of lusters was ompiled based upon the morphology of the lus-
ter's x-ray emission. Clusters were seleted to represent as wide a range of x-ray
morphology as possible, with the hope that the dierent morphologies would re-
et dierent dynamial states for the lusters. Two soures of x-ray maps were
used: the ompilation of MMillan, Kowalski, & Ulmer (1989), who presented re-
proessed maps from the EINSTEIN database for 49 lusters, and the EINSTEIN
Observatory Catalog of IPC X-ray Soures (Harris, Forman, Gioia, Hale, Harn-
den, Jones, Karakashian, Maaaro, MSweeney, Primini, Shwarz, Tananbaum,
& Thurman 1993). Clusters south of delination  30
Æ
were disarded, sine they
were inaessible from observatory sites in the northern hemisphere. Clusters were
then restrited to have redshifts z  0:04, sine a typial far-infrared (FIR) bright
spiral galaxy will in general not be deteted by the Infra-Red Astronomial Satel-
lite (IRAS) at distanes greater than that. The lusters that met this riteria are
given in Table 2.1 along with the Right Asension and Delination of the luster
enter (from Abell 1958), the redshift of the luster (from the ompilation of An-
dersen & Owen (1994)), and the two point orrelation oeÆient for eah luster
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(B
gg
), whih is a measure of the luster's rihness (Andersen 1992; Andersen &
Owen 1994). The two point orrelation funtion,  = B
gg
r
 1:8
, measures the over
density of galaxies within a ertain volume. If the average number density of
galaxies in the universe is n
o
, the number of galaxies within a radius of a ertain
point an be written as N = (4=3)n
o
r
3
+ 3:33n
o
B
gg
r
1:2
. The rst term is just
the expeted number of galaxies within that radius, so the seond term is just the
exess number of galaxies within that volume. Thus, B
gg
is a diret measure of
the rihness of an aggregation of galaxies.
The list was further restrited to lusters where most of the brighter luster
members had measured redshifts, in order to ensure that most galaxies of interest
had known veloities, and thus that the orret narrow band lter was seleted to
observe the galaxy. Preferene was given to lusters with redshifts near the enter
of the available H lters. This strategy allowed, where possible due to proximity
on the sky, the imaging of multiple targets on a single frame. Clusters that have
been extensively studied by other workers were avoided. A nal onstraint was due
to the atual observing dates. Fortunately this onstraint was not too stringent,
given the times of the two observing runs (April and November). The results of
all these seletions led to the observing of three primary lusters (Abell 262, 569,
and 2151), as well as a few galaxies in Abell 1367.
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Table 2.1. Basi data for preliminary andidate lusters.
Cluster (1950:0) Æ(1950:0) z B
gg
S49-147 00 15.7 22 14 0.020 54
Abell 194 01 23.0  01 46 0.0179 260
Abell 262 01 49.9 35 54 0.0161 146
Abell 400 02 55.0 05 50 0.0232 170
Abell 426 03 13.5 41 21 0.0183 378
Abell 569 07 05.6 48 42 0.0196 138
Abell 1185 11 08.1 28 57 0.0326 351
Abell 1314 11 32.1 49 19 0.0341 290
Abell 1367 11 41.9 20 07 0.0215 542
Virgo 12 24.0 13 00 0.0040 260
Abell 2052 15 14.3 07 12 0.0348 173
Abell 2063 15 20.6 08 49 0.0337 540
Abell 2147 16 00.0 16 02 0.0352 349
Abell 2151 16 03.0 17 53 0.0371 426
Abell 2199 16 26.9 39 38 0.0303 635
Abell 2634 23 35.8 26 45 0.0312 216
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2.2 Galaxy Seletion
An initial list of galaxies in eah luster was extrated from the University
of Minnesota's Automati Plate Sanner (APS) atalog (Pennington, Humphries,
Odewahn, Zumah, & Thurmes 1993). The APS atalog results from sans of
opies of the rst Palomar Sky Survey plates. All deteted objets were lassied
as either stars or galaxies by a neural network (Odewahn, Stokwell, Pennington,
Humphries, & Zumah 1992). Crude photometry for the objets is also presented
in the atalog. In order to set a magnitude limit for galaxies in eah luster, a
rough alibration between the blue (O) magnitudes in the APS atalog and the
Johnson B band was derived by tting a linear relation between the B
T
magnitudes
of the Third Referene Catalog of Bright Galaxies (RC3; de Vauouleurs, de
Vauouleurs, Corwin, Buta, Paturel, & Fouque 1991) and the APS magnitudes
for galaxies in Abell 2151. Using this alibration, galaxies were seleted in eah
luster down to an approximate absolute magnitude of B
T
=  17:9. This limit
was seleted by examining the B band luminosity funtion for Virgo luster spirals
(Sandage, Binggeli, & Tammann 1985 ). This limit, whih is one half magnitude
dimmer than the median value found by Sandage et al. should net most spirals
of morphologial types Sa through S, but will ath only the brightest of types
Sd and Sm.
In order to target galaxies that are urrently atively forming stars, data from
the IRAS (Beihman, Neugebauer, Habing, Clegg, & Chester 1988) database was
oadded in the 60 and 100 miron bands for eah of the APS galaxies. The NASA
Extra-galati Database (NED)
1
was then searhed to determine whether a red-
shift had previously been measured for the IRAS deteted galaxies, for use in
1
The NASA/IPAC Extra-galati Database (NED) is operated by the Jet Propulsion Lab-
oratory, California Institute of Tehnology, under ontrat with the National Aeronautis and
Spae Administration.
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Table 2.2. Observing log.
Date (1995) Comments
April 26 Cirrus
April 27 Cirrus
April 28 Photometri
November 20 Cirrus
November 21 Cirrus
November 22 Photometri
November 23 Mostly photometri, some irrus late?
narrow band lter seletion. Target galaxies in the primary lusters were then
prioritized based on the IRAS ux density at 60 mirons, where galaxies were ob-
served in order of dereasing ux density. Individual exeptions to this proedure
were exerised in ases where the galaxy had no measured veloity, or when the
ataloged veloity made that galaxy learly unsuitable for the available narrow
band lters.
2.3 Observations
Observations were arried out using the Lowell Observatory's 1.07m Hall re-
etor with a Loral 800
2
CCD at the telesope's f/8 fous. The output of the CCD
was binned 2 2 on readout in order to redue read noise, yielding a pixel size of
0.706 arseonds; thus the useful eld of view of eah observation was about 4.5
arminutes. A log of the observing onditions for eah night is given in Table 2.2.
During the observing run of April 1995, B, R and H+[N II℄ images were ob-
tained for galaxies in the lusters Abell 1367 and Abell 2151. The nights that were
not photometri were used to obtain the H+[N II℄ images with aompanying R
band images for use in ontinuum subtration. Typial integration times were 30
minutes for the narrow band images and 10 minutes for the ontinuum images.
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The photometri night of the run was used to obtain photometrially alibrated
B and R images of galaxies previously observed in H+[N II℄. Typial integration
times for these observations were 10 minutes in B and 5 minutes in R.
During the November 1995 run, B, R, and H+[N II℄ images were obtained
for galaxies in Abell 262 and Abell 569. The proedure was similar to that used in
the April run, with narrow band and aompanying ontinuum images taken on
unphotometri nights, with typial integration times of 30 minutes and 10 minutes
respetively. B and R images were olleted during the photometri nights, with
respetive typial integration times of 15 and 5 minutes.
2.4 Image Redutions
All frames were redued in a standard way. First the bias level was removed
from eah frame. Seond, all frames were at elded, and nally, osmi rays were
removed.
All frames had their bias level removed in a 2-step proess. First, a master bias
frame was subtrated from eah image, in order to remove pixel to pixel variations
in the bias level. The master bias frame was onstruted for eah night's data
from 20 bias frames that were olleted at the beginning of the night's observing.
The master frame is the result of averaging the 20 individual frames using a sigma
lipping algorithm, to eliminate any osmi rays from the averaging proedure.
In order to aount for any slow drift in the bias level throughout the night, the
over-san region of the CCD was t with a low order polynomial, and this t was
subtrated from the images after the subtration of the master bias frame.
Flat elding of the images was also a multi-step proess, onsisting of atten-
ing rst with dome ats, and then in some instanes, with sky ats. Dome ats
were olleted at the beginning of eah night's observing for eah lter. In the
ase of the broad band lters, ten individual dome ats were olleted in eah
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lter, whih were ombined in a manner similar to that used for the bias frames.
For the narrow band lters, 5 frames in eah lter were olleted and ombined
in the same manner. Data frames were then divided by the appropriate at eld
image, whih was rst normalized by the mean pixel value in that at. This pro-
edure suessfully removed all high frequeny gain variations in the images. In
ertain nights' data, however, there remained some low spatial frequeny stru-
ture. In these ases, the data frames were divided by sky ats, whih removed
this struture. The method of onstrution of the sky at images varied between
the dierent observing runs, and is disussed for eah below.
During the April 1995 observing run, sky ats were onstruted using a set
of 6 images taken during times of fairly heavy loud over. The position of the
telesope was shifted by a few arminutes between eah exposure. The images
were rst attened with the dome ats, then ombined using the sigma lipping
algorithm. A surfae was t to the resulting image, in order to extrat only the
struture of low spatial frequeny. This t to the image (properly normalized of
ourse) was used as the sky at image for all the nights during the April run that
required a sky at (nights one and three).
For the fall 1995 run, a somewhat dierent proedure for onstruting sky ats
was followed. In this ase, the ats were onstruted from the entire set of data
frames. All data frames were bias subtrated and at elded using the dome ats.
Beause of the natural propensity for plaing the observed galaxy in the enter
of the CCD, removal of the galaxies from the observed frames was neessary in
many of the frames before they were ombined. This was ahieved by tting a
surfae aross the galaxy area for eah observation where the galaxy was near the
enter of the hip, and replaing the pixel values in that area with the t values.
After this, all the data frames in eah lter for all four nights were ombined into
a single master sky at for that lter using the sigma lipping algorithm. All data
frames were then divided by the properly normalized at eld.
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To hek whether there were night to night variations in the at eld struture
that would be missed by this proedure, ats for eah night in the R band were
onstruted in the same manner as the master sky ats. Comparison of these
individual ats showed no variation in struture over the four nights of the run.
Another possible problem with the above proedure is that any struture in the
sky ats that existed near the enter of the hip would not be reovered. In order
to hek this, frames that had no galaxies near the hip enter were examined,
and no signiant struture was found.
After at elding, osmi rays were removed from all data frames. First, andi-
date osmi rays were identied interatively using the IRAF task COSMICRAYS.
This list of andidates was then removed from the image by tting a surfae to
the pixels in an annulus surrounding the osmi ray, and replaing the pixel val-
ues for the osmi rays with the t values. Comparison of the image before and
after leaning was used to verify that no osmi rays had been missed, and that
those that had been replaed had been replaed in a appropriate manner. In
the few ases where the original replaement was inadequate, the proedure was
re-applied, with appropriate hanges in parameters.
2.5 Photometry
On all nights that were photometri, standard star elds from the ompilation
of Christian, Adams, Barnes, Buther, Hayes, Mould, & Seigel (1985) were ob-
served in order to put the observations on the standard system dened by Landolt
(1983). Transformation to the standard system was ahieved via the following set
of equations:
(B   R) = a
1
((b  r)  k
BR
X + a
2
) (2.1)
B = b  k
B
X + 
1
+ 
2
(B  R) (2.2)
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Table 2.3. Photometri transformation oeÆients.
Date (1995) a
1
a
2

1

2
April 28 0.883  0:164 27.726  0:094
November 22 1.127  0:499 27.628  0:002
November 23 1.057  0:456 27.639  0:003
where X is the airmass of the observation, and a
i
and 
i
are onstants whose values
are determined using the standard stars. Upper ase letters refer to magnitudes
and olors of the objets on the standard system, while lower ase letters are
magnitudes and olors on the \instrumental" system. The k's are extintion
oeÆients, whih were not derived from the observed standard stars, but were
instead xed at the typial values found by Landolt for Kitt Peak (Pilahowski,
Landolt, Massey, & Montani 1991), k
B
= 0:240 and k
BR
= 0:130. Fitted values
for the oeÆients in the transformation equations are given in Table 2.3, and are
appropriate for integration times of 10 minutes in B and 5 minutes in R.
Magnitudes and olors for the galaxies were extrated in suh a way as to put
them on the total magnitude and olor system of the RC3. These magnitudes and
olors were then onverted to the orreted fae on system as presribed in RC3
with the following exeptions. Sine RC3 gives k-orretions in the U, B, and V
bands only, the k-orretions given by Coleman, Wu, & Weedman (1980) were
used instead. Axis ratios for the galaxies were derived by tting ellipses to eah
galaxy's isophotes in the B band. Beause the imaging of the galaxies was not
very deep, axis ratios were determined at the 23.5 magnitude per square arse-
ond isophote, as opposed to the 25 magnitude per square arseond isophote as in
RC3. Comparison of the axis ratios derived at this level with those tabulated in
RC3 shows generally good agreement between the values derived at the dierent
surfae brightness levels. Color exesses were derived using the interstellar ex-
tintion urve of Reike & Lebofsky (1985), following Buta & Croker (1992). The
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foreground extintion due to material within our own galaxy was estimated as in
RC3 using the tehnique of Burstein & Heiles (1984), whih uses a ombination
of the observed HI olumn density within our galaxy, along with number ounts
of faint galaxies to derive the extintion and reddening in dierent diretions.
The resulting photometry is summarized in Table 2.4. Galaxy identiations are
given by their designation in dierent atalogs. NGC/IC numbers are given for
galaxies in the New General Catalog of Non-stellar Astronomial Objets and
the aompanying Index Catalog (Dreyer 1888, 1895, 1908), UGC numbers for
galaxies in the Uppsala General Catalog of Galaxies (Nilson 1973), CGCG num-
bers for galaxies in the Catalog of Galaxies and Clusters of Galaxies (Zwiky,
Herzog, Karpowiz, Kowal, & Wild 1968), Mrk numbers for galaxies from the
lists of Markarian, Lipovetsky, Stapanian, Eratsova, & Shapovalova (1989), and
D numbers for galaxies from the morphologial atalog of Dressler (1980b).
Unertainties in the total magnitudes and olors were alulated following the
proedure outlined in Newberry (1991) added in quadrature with the RMS of
the standard stars around the photometri alibration. These unertainty values
were not tabulated for two reasons. First, beause most of the galaxies over
a fairly small range in magnitude, and were observed with the same instrument
with similar integration times, the derived unertainty values spanned a relatively
narrow range. Seond, the errors alulated represent only internal errors, so are
really only suitable as a rough guide to the quality of the photometry. The values
for the unertainties for the photometry obtained in this way were in the range
0.03-0.05 for B
T
and 0.02-0.04 for (B   R)
T
. A omparison of the photometry
presented here with photometry from other soures is given in Figure 2.1. The
upper panel is a plot of the total blue magnitudes from the RC3 versus those
determined here, for galaxies that had available RC3 photometry. The straight
line has a slope of one and interept of zero. The fat that the line represents
the distribution of the data well suggests that the photometry presented here has
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been suessfully transformed to the system used in RC3. The satter of the
data around the line of  = 0:13 is what would be expeted from the quoted
unertainties from RC3 (  0:10   0:15) and in this work (  0:03   0:05).
The lower panel in Figure 2.1 ompares the (B   V )
T
olors tabulated in RC3
with (B   R)
T
olors. Data from two soures are plotted; the diamonds are
galaxies from this study, while the lled irles are galaxies from the H studies
of Kenniutt & Kent (1983) and Romanishin (1990) that had (B R)
T
photometry
published in Buta & Williams (1995). In general the data appear to follow the
same orrelation. There may be a small trend for the (B R)
T
olors in this study
to be slight redder at the bluest (B  V )
T
olors than the Buta & Williams data,
but this pereption is based on only a few data points. The satter for the data
in this study around the mean relation seems to be somewhat larger than that in
the Buta & Williams study, whih is somewhat disappointing, but the degree of
satter is more than adequate for the urrent purpose.
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Table 2.4. Results of broad band photometry for luster galaxies.
Galaxy B
T
B
0
T
(B   R)
T
(B   R)
0
T
Abell 262
NGC 753 12.91 12.49 1.26 0.78
NGC 688 13.54 13.10 1.16 0.96
NGC 710 14.13 13.82 1.14 0.99
UGC 1385 14.35 14.04 1.08 0.96
CGCG 522-062 15.33 14.80 1.04 0.78
CGCG 522-051 15.49 15.25 1.38 1.28
NGC 759 13.46 13.17 1.64 1.45
NGC 668 13.83 13.50 1.25 1.02
UGC 1460 14.69 14.16 1.62 1.29
Abell 569
CGCG 234-071 15.49 14.56 1.32 0.84
CGCG 234-056 15.44 14.83 1.05 0.71
CGCG 234-090 15.31 14.24 1.29 0.71
CGCG 234-062 15.53 15.08 1.77 1.51
UGC 3638 14.79 13.92 1.56 1.09
UGC 3706A
a
16.05 15.33 1.15 0.75
UGC 3706B
a
16.41 15.61 1.56 1.12
UGC 3724 14.65 14.09 1.19 0.89
Abell 1367
Mrk 181 14.42 14.14 1.11 0.95
Abell 2151
NGC 6040A
a
14.71 14.14 1.35 0.92
NGC 6040B
a
15.58 15.30 1.63 1.42
NGC 6054 15.89 15.33 1.25 0.82
IC 1182 15.14 14.91 1.55 1.33
D079 16.98 16.75 1.14 1.06
D150 15.60 15.37 1.54 1.32
CGCG 108-108 15.50 15.10 1.12 0.88
CGCG 108-098 15.98 15.58 1.15 0.91
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Table 2.4.|Continued
Galaxy B
T
B
0
T
(B   R)
T
(B   R)
0
T
IC 1186 15.55 15.08 1.45 1.07
Mrk 299 16.74 16.60 0.95 0.80
IC 1189 15.09 14.86 1.37 1.15
a2151 018 16.29 15.70 1.25 0.91
a2151 088 16.51 15.65 1.39 0.92
a
Galaxies overlapping, total magnitudes unertain.
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Figure 2.1. Comparison of magnitudes and olors determined in this work with
those from other soures.
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2.6 H Measurements
Two quantities related to the global H+[N II℄ emission were extrated from
the observed galaxies. The rst is the H+[N II℄ equivalent width, whih is
formally dened as the ux in the emission lines, divided by the ux density of
the ontinuum near the base of the lines,
EW (H+ [NII℄) = F (H+ [NII℄)=f( = 6600

A): (2.3)
In pratie, the ontinuum is usually estimated using a lter (or lters) that sample
the ontinuum level somewhere in the wavelength range 6000-7500

A, whih is a
utilization of the fat that the spetra of most galaxies in this wavelength range is
fairly at, so that the exat wavelength that the ontinuum is estimated at is not
ruial. For this work, the ontinuum level was estimated using an R band lter.
Sine the pass band of the R lter inludes the lines of interest, the line uxes
will be underestimated by a fator determined by the relative equivalent widths
of the R and narrow band lter. For the galaxies studied here, this will be less
than 5%, so the tabulated values have not been orreted for this eet.
The exat proedure used to extrat the H+[N II℄ equivalent widths and
uxes is as follows. The sky level on both the narrow band and R frames was esti-
mated from objet free regions in the frame, and the mean sky level was subtrated
from both frames. Four or ve stars were seleted and aperture photometry of
these stars was used to derive a relative sale fator between the two frames. The
R frame was then saled to math the ontinuum level of the narrow band frame
using this sale fator. The frames were registered, using the position of stars on
both frames, and the saled R band frame was subtrated from the narrow band
frame to reate an image that isolated the H+[N II℄ emission of the galaxy. This
proedure was applied in an iterative fashion, until both the saling and registra-
tion of the R frame was found to be suitable. The H+[N II℄ equivalent width
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Table 2.5. Eetive widths and peak transmissions for the narrow band lters.

enter
(

A) W
eff
(

A) T
peak
6563 71.3 0.600
6600 61.5 0.620
6675 62.8 0.612
6825 61.0 0.624
was then estimated for eah galaxy using the formula
EW (H+ [NII℄) = W
eff
(T
peak
=T

)(N
H+[NII℄
=N
Rsale
): (2.4)
W
eff
is the eetive width of the appropriate narrow band lter, whih is dened
as the width that a retangular lter would have that would pass the same amount
of ontinuum as the narrow band lter, if the retangular lter had the same peak
transmission of the narrow band lter. N
H+[NII℄
is the number of ADU in the line
image, and N
Rsale
is the number in the saled R band image. T
peak
is the peak
transmission of the lter, and T

is the transmission of the lter at the wavelength
of H, redshifted appropriately for the galaxy in question. Values of W
eff
and
T
peak
for the lters used in this work are given in Table 2.5, and the transmission
urves are plotted in Figure 2.2.
Sine most of the narrow band data was olleted under non-photometri on-
ditions, alibration of the H+[N II℄ uxes was aomplished by bootstrapping
from the R band photometry olleted on photometri nights.
The derived values of the equivalent widths and H + [NII℄ uxes are given
in Table 2.6. Most of the galaxies listed have redshifts that put H near the
enter of the narrow band lter used to observe them (i.e. on the \top" of the
lter). However in a few ases, galaxies were observed whose redshift put them on
the wings of the lter, but were still suÆiently strong H emitters to be easily
deteted. Values are listed in the table for these galaxies, with a orretion for
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Figure 2.2. Transmission urves for the narrow band lters used during the ob-
serving runs at the Lowell Observatory.
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the transmission of the lter at the galaxies redshift applied. Galaxies that had
redshifts that put them on the wings of the lter are marked in the table, and
though tabulated, were not used in any of the analysis presented in the following
hapter.
Formal unertainties for the equivalent widths and uxes were alulated, and
generally found to be in the range 5-15%. Beause there may be systemati
unertainties that, partiularly in the ase of the uxes, exeed those of the formal
errors, the formal errors for the galaxies are not tabulated. For referene, the
expeted unertainties in the equivalent widths are probably in the range 10-
20%. The unertainties in the uxes are probably higher, in part due to the
boot strapping from the broadband photometry to establish the ux sale. The
expeted unertainties in the uxes are around 20%, but may be as high as 50%.
For omparison, one galaxy in eah observing run of this study was observed that
had been previously observed by other workers. Markarian 181 of the spring run
was previously observed by Kenniutt, Bothun, and Shommer (1984), who found
an equivalent width for the galaxy of 102

A, where a orretion fator of 1.16 has
been applied to Kenniutt et al.'s data, as outlined in Romanishin (1990). This
is in reasonably good agreement with the value measured here of 116

A, espeially
onsidering that the redshift of H for Mrk 181 lies near the edge of the lter,
requiring a relatively large sale fator. The galaxy NGC 753 observed in the fall
run was also observed by Romanishin (1990). He found an equivalent width of
29

A, again in good agreement with the value measured here of 33

A.
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Table 2.6. H+N[II℄ Equivalent widths and uxes for luster galaxies.
Galaxy EW(H+NII)   log(F (H+NII))
(

A) (ergs=s=m
2
)
Abell 262
NGC 753 33 11.79
NGC 688 22 12.26
NGC 710 34 12.33
UGC 1385 33 12.44
CGCG 522-062 6 14.00
CGCG 522-051 12 13.21
NGC 759 4 12.77
NGC 668 21 12.36
UGC 1460 2 13.57
Abell 569
UGC 3706A 34 13.08
UGC 3706B 17 13.36
UGC 3638 10 12.94
UGC 3724 19 12.75
CGCG 234-056 43 12.77
CGCG 234-071 36 12.76
CGCG 234-090 25 12.86
CGCG 234-062 2 13.85
Abell 1367
Mrk 181
a
116 11.91
Abell 2151
NGC 6040A 14 13.20
NGC 6040B 14 13.45
NGC 6054 27 13.07
IC 1182
a
29 12.62
D079 48 13.30
D150 42 12.65
CGCG 108-108
a
19 13.12
CGCG 108-098 26 13.16
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Table 2.6.|Continued
Galaxy EW(H+NII)   log(F (H+NII))
(

A) (ergs=s=m
2
)
IC 1186 4 13.69
Mrk 299 38 13.38
IC 1189 16 12.93
a2151 018 38 13.08
a2151 088 26 13.28
a
H+NII near edge of lter, unertainty of EW and ux high.
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2.7 Morphologies
Morphologial information for the sample galaxies was obtained by two dif-
ferent methods. First, morphologial types in the Revised Hubble System were
found for eah galaxy. The primary soure of the morphologial lassiations
was RC3. For galaxies that did not appear in RC3, morphologial types were
estimated by inspetion of the B band images that had been obtained for eah
galaxy.
Seond, onentration indies for eah galaxy were measured using the teh-
nique of Doi, Fukugita, & Okamura (1993), with some of the modiations to the
method suggested by Abraham, Valdes, Yee & Van den Bergh (1994). The basis
of the Doi et al. (1993) tehnique is to haraterize the entral onentration of
light of a galaxy by taking the ratio of the ux in an aperture entered on the
galaxy to that in an annulus outside the entral aperture. The radius of the inner
aperture is hosen to be a xed fator of the outer radius of the annulus (typially
0.3 times the outer radius). The outer radius of the annulus is seleted to orre-
spond to a seleted surfae brightness level. In pratie the radius of the outer
annulus r (measured in pixels) is determined from the ondition
N = r
2
(2.5)
where N is the number of pixels in the galaxy image with a surfae brightness
that exeeds the surfae brightness threshold. Rather than selet a xed surfae
brightness, Abraham et al. seleted their surfae brightness level to be a ertain
amount above the noise level in the bakground of the image. Following this
work, a surfae brightness level orresponding to a level of 2 above the surfae
brightness of the bakground was adopted. The R band images were used to
determine the onentration indies for the sample galaxies. Both the bakground
level and the  in the bakground were determined using galaxy free regions of
the galaxy images.
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The revised Hubble types and onentration indies for the sample galaxies
are given in Table 2.7.
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Table 2.7. Revised Hubble types and onentration indies for the sample
galaxies.
Galaxy Morp CI
Abell 262
NGC 753 SABb 0.545
NGC 688 SABb 0.484
NGC 710 Sd 0.371
UGC 1385 SB0/a 0.591
CGCG 522-062 S 0.353
CGCG 522-051 S 0.274
NGC 759 E 0.614
NGC 668 Sb 0.567
UGC 1460 Sa 0.469
Abell 569
CGCG 234-071 Sb(pe) 0.356
CGCG 234-056 Sa: 0.486
CGCG 234-090 Sb 0.379
CGCG 234-062 S0/a 0.541
UGC 3638 SBab 0.526
UGC 3706A
a
Sa 0.382
UGC 3706B
a
Sa 0.517
UGC 3724 SBb 0.438
Abell 1367
Mrk 181 I 0.521
Abell 2151
NGC 6040A
b
SAB |
NGC 6040B
b
S0(pe) |
NGC 6054 SABb 0.446
IC 1182 S0(pe) 0.543
D079 E 0.616
a2151 007 S0 0.593
CGCG 108-098 SAB 0.375
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Table 2.7.|Continued
Galaxy Morp CI
IC 1186 SBb 0.449
Mrk 299 Sm: 0.489
IC 1189 SB0/a 0.616
a2151 018 S 0.606
a2151 088 S 0.549
a
The galaxies in UGC 3706 are interating, onentration indies are unertain.
b
The galaxies in NGC 6040 are overlapping, so no onentration indies were
determined for them.
3 The Relation Between Cluster
Substruture and H Emission in
Galaxies
In this hapter the question onsidered is how the star formation properties
of luster galaxies depend on the dynamial state of the luster. In order to
determine the dynamial state of the luster, x-ray data from the ROSAT PSPC
data arhive is used, along with a tehnique developed by Buote & Tsai (1995,
1996) to quantify the amount of substruture in the luster. The urrent state
of star formation in the luster galaxies is quantied using H data. A simple
tehnique is developed to determine whether a galaxy has an exess or deit of
H emission, ompared to a normal, star forming galaxy of the same olor or
morphologial type.
3.1 Cluster Seletion
The seletion and details of the observations of the lusters for whih new
data was obtained are desribed in Chapter 2. Data from the literature was
used to form a referene sample, and to augment the data olleted at the Lowell
Observatory with data for other lusters that have been well observed in H in
the past. The details of the referene sample are given in setion 3.4, so will not
be disussed any further here. A few omments on the luster data taken from
the literature are appropriate at this point.
The referene sample inluded many galaxies that are members of the Virgo
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luster. Sine the purpose of this work is to ompare the properties of luster and
eld galaxies, all members of the Virgo luster were removed from the referene
sample. The Virgo luster is in fat a line of sight superposition of a large luster
and several smaller groups, many of whih are at signiantly dierent distanes
than the main luster (Tully & Shaya 1984; Binggeli, Tammann, & Sandage 1987;
Binggeli, Popesu, & Tammann 1993). In order to isolate the galaxies that are
assoiated with the main ondensation of the Virgo luster for further study (the
A luster in the sheme of Binggeli et al. 1993), the luster assignments of Binggeli
et al. (1993) were used to pik out galaxies that belong to the A luster. This
sample of A luster galaxies was then used in the analysis as luster galaxies.
Two other lusters had extensive H data published, and so were also inluded
in this study, Abell 1367 and Abell 1656 (the Coma luster). H observations of
galaxies in Abell 1367 and Abell 1656 have been ompiled from several soures
by Gavazzi, Randone, & Brahini (1995). This ompilation was used to onstrut
samples of galaxies in eah of these lusters for use in this work.
3.2 Cluster Substruture
The dynamial state of a galaxy luster is reeted in the spatial and veloity
distribution of the luster onstituents that respond to the gravitational potential
of the luster, namely the luster galaxies and the intra-luster medium. The
prevalent point of view fteen years ago was that in general, lusters were dynam-
ially relaxed entities, with entrally peaked and radially symmetri distributions
of galaxies and ICM, and gaussian (or nearly gaussian) veloity distributions. Re-
ent analysis of lusters, both in the distribution of galaxies (spatial as well as
veloity distribution) (Bird 1994) and x-ray emitting intra-luster medium (Mohr,
Fabriant & Geller 1993) indiate that a large perentage of nearby lusters have
signiant deviations from spherial or elliptial symmetry that may indiate that
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they are not urrently in a state of dynamial equilibrium. It has been suggested
that the ubiquity of substruture in lusters is the result of the merging of galaxy
groups and lusters. Unfortunately, the assessment of whether a given luster on-
tains signiant substruture has to date depended on the quality, quantity, and
type of data used to make the determination. Dierent workers have generally
used somewhat dierent denitions of what onstituted signiant struture, with
a premium being plaed on being able to detet even relatively minor deviations
from a relaxed struture.
This work will require a fairly restritive denition of what onstitutes signi-
ant substruture, one that is sensitive to only major substruture. This denition
is based on the distribution of the diuse x-ray emission from the luster, as ob-
served by the ROSAT PSPC. Using this data, the strength of the sub-lustering
is quantied using a multipole expansion tehnique developed by Buote & Tsai
(1995,1996).
3.2.1 Multipole Expansion
Buote & Tsai (1995) begin by onsidering the relationship between gravita-
tional potential and mass surfae density in 2 dimensions,
r
2
	(R; ) = 4G(R; ); (3.1)
where r
2
is the 2-dimensional laplaian operator, 	(R; ) is the gravitational
potential,G is the gravitational onstant, and (R; ) is the projeted mass surfae
density. The potential due to material internal to a radius R is then given by the
expression
	(R; ) = 2Ga
0
lnR  2G
1
X
m=1
1
mR
m
(a
m
os(m) + b
m
sin(m)): (3.2)
The oeÆients a
m
and b
m
an be determined from the following relations
a
m
=
Z
R
0
R
(x
0
)(R
0
)
m
os(m
0
)dx
0
(3.3)
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b
m
=
Z
R
0
R
(x
0
)(R
0
)
m
sin(m
0
)dx
0
(3.4)
where x
0
= (R
0
; 
0
). Buote & Tsai (1995) then dene the quantity
P
mm
0
=
1
2
Z
2
0
	
m
0
(R
ap
; )	
m
(R
ap
; )d; (3.5)
where 	
m
is the mth term of the multipole expansion. All terms in this produt
exept for those where m = m
0
vanish, so we an write P
m
 P
mm
0
. P
m
then
measures the \power" within a radius R
ap
of the m
th
term of the multipole ex-
pansion. A onvenient way to represent the dierent P
m
's is to take their ratio
with the value of P
0
. Sine P
0
is just a measure of the total enlosed mass, the
ratios P
m
=P
0
represent the relative ontributions of the dierent moments to the
total potential, independent of the total luster mass. Sine only ratios of the
powers are being onsidered, the onstant fators of 2G may be dropped, and the
powers an be written (for m = 0)
P
0
= [a
0
ln(R
ap
)℄
2
(3.6)
and for other values of m
P
m
=
1
2m
2
R
2m
ap
(a
2
m
+ b
2
m
): (3.7)
Buote & Tsai (1995) neglet ontributions to the potential from radii greater than
R
ap
, whih is reasonable as long as they are interested only in the state of the
potential on sales less than R
ap
.
Sine, in general, maps of the mass surfae density for lusters are not avail-
able, Buote & Tsai (1995,1996) instead use observations of the distribution of
the x-ray emitting ICM to estimate the power ratios (i.e. they replae the mass
surfae density (R; ) in equations 3.3 and 3.4 with the x-ray surfae bright-
ness distribution). Beause the x-ray surfae brightness is in general not linearly
proportional to the mass surfae density, the ratios P
m
=P
0
in this ase do not
Star Formation in Nearby Clusters 43
stritly represent the power in dierent multipole omponents of the gravitational
potential. However, sine the qualitative properties of the mass surfae density
and x-ray surfae brightness depend in similar ways on the struture of the grav-
itational potential, the P
m
=P
0
still depend on the dynamial state of the luster.
Sine all that is really desired is a measure of the luster's state, relative to other
lusters, Buote & Tsai's tehnique an be used as a method of omparing the
relative dynamial states of dierent lusters.
3.2.2 Interpretation of Power Ratios
One of the important uses of power ratios is to distinguish between lusters
that are unimodal (i.e. whih are dominated by a single omponent), but may
have elliptial isophotes, from bimodal lusters that have a seond signiant spa-
tial omponent to their x-ray emission. Buote & Tsai (1995) have examined the
response of power ratios to simulated unimodal and bimodal lusters. They nd
that the ratios P
2
=P
0
and P
4
=P
0
are high for both elliptial unimodal lusters and
bimodal lusters. This is not unexpeted, sine both P
2
=P
0
and P
4
=P
0
are sensi-
tive to the elliptiity of the surfae brightness distribution, whih is high for both
elliptial unimodal and bimodal lusters. On the other hand, the ratio P
3
=P
0
is
sensitive to bimodal lusters where the omponents are of unequal surfae bright-
ness. This means that most bimodal lusters show a signiant P
3
=P
0
omponent,
while elliptial unimodals do not. This means that an eetive means of separating
unimodal from bimodal lusters is to make plots of P
2
=P
0
versus P
3
=P
0
and P
3
=P
0
versus P
4
=P
0
. In these diagrams, the sequene of inreasingly bimodal lusters lies
on a lous from the lower left to upper right, while elliptial unimodal lusters lie
near the P
2
=P
0
or P
4
=P
0
axis. This allows easy separation of lusters that have a
signiant bimodal omponent, and are thus presumably less dynamially evolved
from primarily unimodal lusters, whih are more dynamially evolved.
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3.3 Measured Power Ratios
The power ratios for the lusters of interest in this study were measured on
x-ray images obtained from the ROSAT PSPC arhive of pointed observations,
using the tehniques outlined in Buote & Tsai (1996). First, hard band images
were extrated from pulse-invariant (PI) hannels 50 to 200, orresponding roughly
to energies 0.5 to 2.0 KeV, and the images were rebinned to have 15 arseond
pixels. Next the images were at elded using the SASS exposure map distributed
with the arhive data. Although the at eld orretion for the PSPC depends
on photon energy, the eetive dierene between the orret exposure maps and
the SASS map is negligible for hard band images (Snowden, Pluinsky, Briel,
Hasinger, & Pfeermann 1992). Point soures were exised from the images by
identifying prominent soures by eye. A surfae was t interatively to an annular
region surrounding the soure, and the pixel values within an aperture around the
soure were replaed with the tted values. Fortunately the low order of the
moments onsidered here means that the derived values of the power ratios are
insensitive to the speis of the point soure removal. This has been veried by
deriving power ratios on luster images with no point soures removed. Even in
this extreme ase, the derived power ratios did not dier signiantly from those
found for the point soure exised images.
Finally, the bakground level on the images was estimated using soure free
areas in an annular region between 45-50 arminutes from the image enter, and
the bakground level was subtrated from the image. Contour plots of the point
soure exised images are presented in Figure 3.1. For the purpose of display only,
the ontour plots given in Figure 3.1 have been smoothed with a Gaussian with
 = 1
0
. The images used to derive the power ratios have not been smoothed at
all.
Power ratios were then omputed on these redued images. In general the
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Figure 3.1. Contour plots of x-ray images for Abell 262, Abell 754, Abell 1367,
Abell 2199, and Abell 2151. In eah ase the lowest ontour orresponds to 1:6
10
 3
ounts/se/Armin
2
.
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Figure 3.1. |Continued
ratios were omputed within an aperture with a projeted radius of 0.533 Mp
(H
0
= 75km=se=Mp), whih was hosen to math Buote & Tsai's smallest aper-
ture (0.5 Mp for H
0
= 80km=se=Mp). The enters for the apertures were
determined using a entroid based method. An aperture of the appropriate radius
was used along with an initial guess for the aperture enter. The position of the
aperture was then hanged iteratively until the enter of the aperture and the
entroid value orresponded to less than 0:01 pixel. The measured values of the
power ratios are presented in Table 3.1.
In order to test whether the results of Buote & Tsai (1996) were suessfully
reprodued two of the lusters from their sample, Abell 754 and Abell 2199 were
analyzed. These lusters were seleted sine they represented the 2 extremes
of luster dynamial state; Abell 2199 is a prototypially relaxed luster, while
Abell 754 is in the throes of a major luster merger (Zabludo & Zaritsky 1995;
Henriksen & Markevith 1996). The values of the various oeÆients measured
here are in good agreement with those from Buote & Tsai (1996).
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Power ratios were not determined for Abell 569 and the Virgo luster. The
proximity of the Virgo luster means that the eld of view for PSPC pointed
observations of the luster enter is too small to be useful for omparison with
more distant lusters. Maps of the large sale x-ray emission from Virgo have
been onstruted from the ROSAT PSPC sky survey (Bohringer, Briel, Shwarz,
Voges, Hartner, & Trumper 1994), but the sky survey data have never been re-
leased for publi use. Abell 569 has a PSPC observation, but the luster is not
a partiularly bright x-ray soure, and the integration time for the PSPC obser-
vation is somewhat short (4181 seonds). The ombination of these two fators
means that after point soure removal, there was insuÆient signal in the x-ray
image to extrat reliable power ratios for Abell 569.
Figure 3.2 gives plots of P
2
=P
0
versus P
3
=P
0
and P
3
=P
0
versus P
4
=P
0
. Be-
sides allowing veriation of the tehnique, the measured values for Abell 754 and
Abell 2199 also serve as exellent duial points, delineating the portion of the
diagram inhabited by dynamially evolved lusters (the lower left on these dia-
grams), and dynamially young lusters (the upper right portion of the diagrams).
From Figure 3.2 it is lear that the lusters observed here may be separated on
this diagram aording to the overall dynamial state of the luster. Abell 262
and 1656 represent systems that are relatively dynamially relaxed, while Abell
1367 and 2151 are systems that are dynamially less evolved. This separation
into dynamially relaxed and unrelaxed lusters will be used in analysis of the
star formation properties of these lusters.
In order to utilize the existing optial data for the Virgo luster and Abell
569 in examining the dependene of star formation properties on the dynamial
state of the luster, these two lusters were assigned to the dynamially relaxed or
dynamially unrelaxed samples using other data. In the ase of the Virgo luster,
visual examination of the large sale x-ray map onstruted from the ROSAT sky
survey data (Bohringer et al. 1994) shows that on 0.5 Mp sales, the luster is
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Figure 3.2. Dierent power ratios plotted against one another for the lusters
onsidered here.
Star Formation in Nearby Clusters 49
Table 3.1. Measured power ratios, in units of 10
 7
. The value for Abell 1656 is
from Buote & Tsai (1996).
Cluster R
ap
(Mp) P
2
=P
0
P
3
=P
0
P
4
=P
0
Abell 262 0.335 45.46 0.38 0.26
Abell 754 0.533 884.8 3.35 9.93
Abell 1367 0.533 253.2 15.6 3.27
Abell 1656 0.533 42.5 0.27 0.17
Abell 2151 0.533 183.9 5.73 3.33
Abell 2199 0.533 12.6 0.094 0.119
similar to the low power ratio lusters rather than the high power ratio lusters.
For this reason the Virgo luster was plaed in the dynamially relaxed sample.
In the ase of Abell 569, the fat that the existing x-ray data was insuÆient
to alulate power ratios meant that the optial data must be used instead to
determine the dynamial state of the luster. Based on the analysis of galaxy
positions and veloities in Abell 569, Beers, Forman, Huhra, Jones, & Gebhardt
(1991) nd that Abell 569 is a bimodal luster, with 2 roughly equally sized
lumps of galaxies. Therefore, in the upoming analysis, Abell 569 is inluded
in the dynamially unrelaxed subsample. None of the following results depend
sensitively on the group to whih Abell 569 is assigned.
3.4 Measuring Star Formation in Galaxies
In order to dene what is meant by the star formation properties of \normal"
galaxies, the H+[N II℄ aperture photometry surveys of Kenniutt & Kent (1983)
and Romanishin (1990) were used. Both of these papers present data for relatively
large samples of nearby galaxies. Both papers ontain representatives of galaxies
of all morphologial types, although the samples tend to be weighted heavily
towards spiral galaxies, sine most E and S0 galaxies have little or no detetable
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H emission. It should be noted that neither paper presents data for a omplete
sample of galaxies; however the samples should be representative of the properties
of eld galaxies at large. Most of the early type galaxies in these two samples show
little sign of star formation, having H+[NII℄ equivalent widths near zero. H
observations of gas rih S0 galaxies by Pogge & Eskridge (1993) suggest that
at least some S0 galaxies do have modest rates of star formation. In order to
allow for the existene of galaxies like these in the general galaxy population, the
S0 galaxies from Pogge & Eskridge (1993) that don't have AGN but that were
deteted in H are also inluded as part of the referene sample.
The equivalent widths from Kenniutt & Kent (1983) have been inreased by
a fator of 1.16, in aordane with Romanishin's nding that their equivalent
widths were lower than his by this fator, probably due to a slight overestimation
of the ontinuum level in their galaxies on the part of Kenniutt & Kent (1983).
Beause the referene sample is being used to the dene the star formation prop-
erties of normal galaxies, all galaxies that have Seyfert nulei have been removed
from the referene sample, sine the ative nuleus in these systems an ontribute
signiantly to the total H+[N II℄ emission. Three star-bursting systems and
two low surfae brightness galaxies were also removed, sine they deviated sig-
niantly from the properties of \normal" galaxies. Finally, sine the ultimate
interest is in studying the dierene between luster and non-luster galaxies, all
Virgo luster galaxies have been removed from the sample, as well as NGC 753,
whih is a member of Abell 262.
Figure 3.3 shows a plot of B V olor from RC3 versus H equivalent width for
the 153 galaxies left in the referene sample. Figure 3.4 shows the dependene for
the same set of galaxies of equivalent width upon morphologial type (also from
RC3). In these gures, the Kenniutt & Kent (1983) and Romanishin (1990)
galaxies are plotted as open diamonds, and the Pogge & Eskridge (1993) galaxies
are plotted as lled irles. A noteworthy point is that the Pogge & Eskridge
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Figure 3.3. Relationship between (B   V )
0
T
and H+[NII℄ equivalent width for
normal galaxies. The galaxies from Kenniutt & Kent (1983) and Romanishin
(1990) are plotted as open diamonds, while those from Pogge & Eskridge (1993)
are plotted as lled irles.
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Figure 3.4. Relationship between Hubble type and H+[NII℄ equivalent width
for normal galaxies. The galaxies from Kenniutt & Kent (1983) and Romanishin
(1990) are plotted as open diamonds, while those from Pogge & Eskridge (1993)
are plotted as lled irles.
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(1993) S0's fall along the same lous as the galaxies from Kenniutt & Kent
(1983) and Romanishin (1990) in the olor-equivalent width plane. In what follows
the lous dened by this set of galaxies on either of these two diagrams will be
onsidered to be representative of that followed by normal galaxies, any deviation
from that lous by a population of galaxies will be onsidered due to a dierene
in star forming properties of that population as a whole, a la Kenniutt, et al.
(1987).
In order to be able to diretly ompare galaxies with existing B   V data
(e.g. the referene sample, as well as galaxies in Abell 1367, 1656, and the Virgo
luster) with the B R data olleted at the Lowell Observatory, the B V olors
have been onverted to B   R olors using the following relation
(B  R) = 0:245 + 1:329(B   V ) (3.8)
that is the result of a t between the B   V and B   R olors of galaxies in the
photometri ompilation of Buta & Williams (1995).
3.4.1 Parameterization of Star Formation in Normal Galax-
ies
Sine the purpose of this dissertation is to study signiant departures on the
part of luster galaxies from either the olor-equivalent width or Hubble type-
equivalent width relation, parameters that are a measure of these deviations are
now dened. The rst of these was dened by Kenniutt et al. (1987), and is
simply the ratio of the equivalent width for the galaxy to the median equivalent
width for galaxies of the same morphologial type as the galaxy in question, whih
they denote as r. Beause they had no E-S0 galaxies in their sample, Kenniutt
et al. (1987) had no problems with the fat that the median equivalent width
for E-S0 galaxies is very lose to zero. Sine there are several E-S0 galaxies in
the sample with signiant emission, the denition of Kenniutt et al. (1987) has
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Table 3.2. Median values of H+[NII℄ equivalent width for the referene sample
as a funtion of Hubble type.
Hubble Type EW (

A)
S0/a-Sa 1.2
Sab-Sb 11.6
Sb-S-Sd 27.9
Sd-Sm-Im 29.5
been modied by assigning the median for these morphologial types the value
for S0/a-Sa galaxies. The median values derived for the dierent morphologial
types are given in Table 3.2. In order to distinguish this parameter from a similar
parameter for omparing broadband olors and equivalent widths (whih is dened
below), this parameter is denoted as r
morp
.
In order to have a parameter for omparing the deviation of the equivalent
width from the typial value for a normal star forming galaxy with the same
broadband olor, the parameter r
phot
is dened as the ratio of the galaxy's equiv-
alent width to the value for a galaxy with the same broadband olor, found by
tting the olor equivalent width relation for the referene sample. A quadrati
provides a good t over the range of olors of interest, with the best t quadrati
being
EW = 132:44  143:57(B  R)
0
T
+ 35:38((B  R)
0
T
)
2

A; (3.9)
whih is shown over plotted on the referene data in Figure 3.5. In dening r
phot
for galaxies with olors (B R)
0
T
> 1:39, the t equivalent width is set to 1 instead
of using the value predited from the t, in order to avoid values near zero.
A plot of r
phot
versus r
morp
for the referene sample galaxies is shown in Fig-
ure 3.6. In general these parameters show a good orrelation with one another,
although with a satter of about a fator of 2 around the mean. There seem to
be a few outliers in the sense of a few galaxies that have fairly normal values of
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Figure 3.5. Fit to referene sample olor equivalent width relation over plotted
on the data.
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Figure 3.6. Plot of r
phot
versus r
morp
for referene sample galaxies. The high r
morph
tail at r
phot
 1 is due to early type galaxies with modest star formation.
Star Formation in Nearby Clusters 57
r
phot
, but that have large values of r
morp
. Sine early type galaxies generally have
low global rates of star formation, a relatively modest inrease in an early type
galaxies global star formation rate an easily inrease the dierential star forma-
tion rate as reeted in the H equivalent widths by a fator of 5 to 10. It might
be suspeted that these outliers may be early type galaxies that have inreased
H emission.
In order examine the nature of these galaxies, a plot of r
morp
and r
phot
versus
the (B   R)
0
T
olors of the referene sample galaxies is given in Figure 3.7. In
these diagrams it an be seen that the outliers in both these parameters have red
olors, suggesting that these galaxies have predominantly older stellar populations,
onsistent with the hypothesis that they are largely early type galaxies. The
dependene of r
morp
and r
phot
on the morphologial type of the galaxy is shown in
Figure 3.8. In this gure the galaxies have been binned in morphologial type in
aordane with the way the galaxies were binned when determining the median
equivalent widths used in determining r
morp
. Again, the galaxies with the earliest
morphologial type show the largest satter in these parameters. It therefore seems
likely that this larger satter is due to the fat that the low global star formation
rates in these galaxies an leave them fairly sensitive to rather small utuations
in the star formation rate. On the other hand, the fairly substantial star formation
rates of later type spirals means that star formation indiators in these galaxies
are relatively less sensitive to utuations in the global star formation rates of
these galaxies.
In summary, the urrent global star formation in eld galaxies is well orre-
lated with both broadband olor and morphologial type, although with a satter
of a fator of 2 around the mean. The satter for the earliest type galaxies is
larger than for later types, beause the low average star formation for these types
makes the frational star formation rate in these systems fairly sensitive to modest
utuations in the global star formation rate.
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Figure 3.7. Examination of the dependene of r
phot
and r
morp
on the (B   R)
0
T
olors of the referene sample galaxies.
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Figure 3.8. Examination of the dependene of r
phot
and r
morp
on the morphologial
types of the referene sample galaxies.
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3.4.2 Denitions of H Exess and Deit
The fat that early type galaxies have a larger satter in r
phot
and r
morp
suggests
that some aution must be taken in dening what is meant by a galaxy having
an exess or deit of H emission. This point is learly illustrated in Figure 3.9,
whih shows the distribution of early and late type galaxies in the r
phot
-r
morp
plane.
In this diagram, galaxies with types Sab and later (plotted as open diamonds) lie
in a fairly tight band between 0.5 and 2.0 in both parameters. Galaxies of type
Sa and earlier (plotted as lled irles) show signiantly greater satter in both
parameters, suggesting that dierent limits be used to dene what is meant by an
H exess galaxy for early and late type galaxies.
3.4.2.1 H Exess
Denition of what is meant for a galaxy of type Sab and later to have an H
exess is ahieved using Figure 3.9. Few of these galaxies have either r
phot
or r
morp
in exess of 2.0, so galaxies of type Sab and later will be onsidered to have an
H exess if they have either r
phot
or r
morp
in exess of 2.
The larger satter for galaxies of type Sa and earlier makes seleting a riteria
for these galaxies more diÆult. Roughly 90% of the early type galaxies in the
referene sample have values of r
phot
< 4:0 and r
morp
< 10:0, so these limits are
adopted to dene what onstitutes an H exess for an early type galaxy. This
adopted riteria for r
morp
is onsistent with the onstraint on [OII℄ equivalent
width used by Caldwell & Rose (1997) in identifying early type galaxies in their
sample that they onsidered to have a signiantly high rate of star formation for
their type.
3.4.2.2 H Deit
The denition of what onstitutes an H deit for galaxies of type Sab and
later is as straightforward as dening what an H exess is for these systems.
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Figure 3.9. Plot of r
phot
versus r
morp
for the referene sample galaxies. Galaxies
with type Sab and later are plotted as open diamonds, and those with types Sa
and earlier are plotted as lled irles.
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Figure 3.9 shows that there are few late type galaxies that have r
phot
and r
morp
less
than 0.5. On the other hand, few of the early type systems meet this riteria. This
is not surprising onsidering the low median equivalent width in these systems.
Further, the fat that most early type systems have little sign of either urrent
or reently ended star formation suggests that the idea of an H deit for these
systems is not a meaningful one. Therefore, the riteria adopted for both early
and late type systems to have an H deit is r
phot
< 0:5 or r
morp
< 0:5.
3.5 Cluster Data
The relationship between the H+[NII℄ equivalent width and B R olor for
galaxies in the various lusters is shown in Figure 3.10, and between Hubble type
and equivalent width in Figure 3.11. These plots show that at least some galaxies
in eah luster show signiant departures from the mean relation for normal eld
galaxies. For some, the departure is in the sense of having too muh H emission
for their olor/morphologial type, while for others there is too little H for the
morphologial type or olor.
Another impression gained from examining Figures 3.10 and 3.11 is that there
is a preferene for galaxies in a partiular luster to have exursions in the same
sense. For example, there are several galaxies in the Virgo luster that seem to
have low equivalent widths for their type or olor, while in Abell 2151, there
are 3 galaxies with high H emission for their type and olor. This result in
itself is not unexpeted, sine Kenniutt (1983a) had previously reported that
S galaxies in the Virgo luster had low equivalent widths for their type, while
Gavazzi, Boselli, & Kenniutt (1991) reported a population of high equivalent
width galaxies in Abell 1367. A question that has not been addressed before is
whether galaxies in dierent lusters with a similar dynamial state tend to have
deviations in the same sense. Wang & Ulmer (1997) report a orrelation between
Star Formation in Nearby Clusters 63
Abell 262
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Abell 569
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Abell 1656
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Abell 2151
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Abell 1367
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Virgo
0.6 0.8 1.0 1.2 1.4 1.6 1.8
(B-R)T0
1
10
100
EW
Figure 3.10. Relation between (B R)
0
T
olor and H+[NII℄ equivalent width for
the dierent lusters, overlaid on the data for the referene sample. The referene
sample data is plotted as diamonds, while the luster galaxies are plotted as lled
irles.
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Figure 3.11. Relation between Hubble type and H+[NII℄ equivalent width for
the dierent lusters, overlaid on the data for the referene sample. The referene
sample data is plotted as diamonds, while the luster galaxies are plotted as lled
irles.
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x-ray elliptiity and blue fration in a sample of 10 Buther Oemler lusters with
redshifts 0.17-0.54, suggesting that there may be a link between the dynamial
state of a luster and the star formation properties of the galaxies in that luster.
To see whether suh a link an be established for low redshift lusters, the power
ratios measured from the ROSAT images were used to divide the available lusters
into two samples, those that seem to be more dynamially evolved (Virgo, Abell
262, and Abell 1656), and those that are less dynamially evolved (Abell 569,
Abell 1367, and Abell 2151).
Plots of the olors and morphologial types versus equivalent widths are given
in Figure 3.12 for the dynamially relaxed lusters, and for the dynamially un-
relaxed lusters in Figure 3.13. Examination of these gures suggests that there
may indeed be a dierene between the two samples, with the dynamially re-
laxed lusters having several galaxies with low equivalent widths for their olors,
while the dynamially younger lusters have several red, early type galaxies with
stronger than normal H emission.
Comparison of the distribution of the luster galaxies and referene sample
galaxies in the r
phot
-r
morp
plane are given for the dynamially relaxed lusters in
Figure 3.14, and for the dynamially unrelaxed lusters in Figure 3.15. In both
gures separate plots are given for galaxies of type Sab and later and galaxies of
type Sa and earlier.
Examination of Figure 3.14 suggests that the distribution of relaxed luster
early type galaxies in the r
phot
-r
morp
plane is not signiantly dierent from that
of early type referene sample galaxies. Although many of the late type relaxed
luster galaxies seem to be indistinguishable from the referene sample late type
galaxies, there also seem to be an exess number that have low r
phot
or r
morp
val-
ues. The fration of galaxies in the referene sample and relaxed luster sample
that meet the riteria for being either H exess or deit galaxies are given in
Table 3.3, along with unertainties for these frations, alulated using Poisson
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Figure 3.12. Relation between Hubble type andH+[NII℄ equivalent width for the
more dynamially evolved lusters, overlaid on the data for the referene sample.
The referene sample data is plotted as diamonds, while the luster galaxies are
plotted as lled irles.
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Figure 3.13. Relation between Hubble type and H+[NII℄ equivalent width for
the less dynamially evolved lusters, overlaid on the data for the referene sample.
The referene sample data is plotted as diamonds, while the luster galaxies are
plotted as lled irles.
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Figure 3.14. Comparison of the r
phot
-r
morp
distribution for the referene sample
galaxies, plotted as open diamonds, and the galaxies in relaxed lusters, plotted
as lled irles.
Star Formation in Nearby Clusters 69
Early Type Galaxies
0.1 1.0 10.0 100.0
rphot
0.1
1.0
10.0
100.0
r m
o
rp
Late Type Galaxies
0.1 1.0 10.0 100.0
rphot
0.1
1.0
10.0
100.0
r m
o
rp
Figure 3.15. Comparison of the r
phot
-r
morp
distribution for the referene sample
galaxies, plotted as open diamonds, and the galaxies in unrelaxed lusters, plotted
as lled irles.
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Table 3.3. Frations of galaxies in the referene, relaxed luster, and unrelaxed
luster samples showing H exesses and deits.
Sample Late Early
Exess Deit Exess
Referene 0:067 0:024 0:12 0:03 0:20 0:10
Relaxed Cluster 0:089 0:044 0:31 0:08 0:63 0:28
Unrelaxed Cluster 0:23 0:09 0:23 0:09 0:83 0:17
statistis. This shows that the fration of late type H exess galaxies in the re-
laxed lusters is not signiantly dierent than that in the referene sample. The
high fration of early type H exess galaxies in these lusters is not statistially
signiant, beause of the small number of early type galaxies in the sample. The
31% of late type, relaxed luster galaxies is greater than the 12% of referene
sample galaxies with a deit, at the marginally signiant 2:2 level. Running a
two dimensional Kolmogorov-Smirnov test for the late type galaxies in the relaxed
lusters and the referene sample suggests that the probability that the two dis-
tributions are drawn from the same parent population is less than 1%. Therefore
there is signiant but not overwhelming evidene for galaxies in relaxed lusters
to have a deit of H emission when ompared to eld galaxies.
Examination of Figure 3.15 shows that for the unrelaxed lusters, the distri-
bution of early type galaxies in the r
phot
-r
morp
plane is muh dierent than that of
the referene sample galaxies, with most of the luster galaxies having high r
morp
and r
phot
values. The distribution of unrelaxed luster late type galaxies in the
r
phot
-r
morp
plane is very similar to that of the referene sample galaxies, with the
possible exeption that a few more luster galaxies may have an exess or deit of
H emission. The frations of unrelaxed luster galaxies with exesses or deits
of H emission are given in Table 3.3. The only signiant dierene between
the unrelaxed lusters and referene sample is that early type galaxies in the
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unrelaxed lusters have an H exess 83% of the time, ompared to 20% of the
time for the referene sample galaxies. This dierene is signiant at greater
than the 3 level. A two dimensional Kolmogorov-Smirnov test for the early type
galaxies in the unrelaxed luster and referene sample suggests that the proba-
bility that two distributions would be drawn from the same parent population
is only 0.3%. The evidene for a population of late type H exess galaxies in
the unrelaxed lusters is muh less strong. While the observed fration of 23%
is higher than the 6.7% observed in the referene sample, this is only a 1:75
dierene. The fration of H deit galaxies in the unrelaxed lusters is also
higher than that in the referene sample, but is dierent only at the 1 level, so
is not at all signiant.
In summary, there is evidene for population dierenes between galaxies in
relaxed and unrelaxed lusters and the eld, but the evidene is not overwhelming.
In relaxed lusters, the dierene is due to a population of H deit galaxies.
In the unrelaxed lusters, the dierene is due to a population of H exess
galaxies, primarily of early type. Finally, although population dierenes have
been deteted, it is important to note that the majority of luster galaxies seem
to have H properties indistinguishable from omparable eld galaxies.
3.6 The Nature of the Disordant Galaxies
The above analysis nds two lasses of galaxies in relaxed and unrelaxed lus-
ters that seem to have star formation properties dierent than those of normal
eld galaxies. The rst are galaxies that show redued star formation ompared
to what would be expeted, both for their olor and morphologial type. These
galaxies our preferentially in the more dynamially relaxed lusters, although
the less relaxed lusters do show a higher, though not statistially signiant,
fration of these galaxies than in the eld. The seond type are galaxies that
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show exess H emission for their olor and type, whih our almost exlusively
in the less dynamially relaxed lusters. The question is, what is the nature of
these galaxies?
The rst possibility is that the morphologial types or olors of the disordant
galaxies are inorret, and thus that the inferred level of H emission for these
galaxies is in error. In the same vein is the possibility that the measured equiv-
alent widths are in error. The unertainties in the photometri measurements
made at the Lowell Observatory are disussed in Chapter 2. In general the ex-
peted unertainties in the measured quantities are muh smaller than would be
required to aount for the observed eet. Similarly, the data olleted from the
literature has quoted unertainties of the same magnitude. In fat, sine most of
the literature data for the lusters was olleted by the same people that olleted
the referene sample data (and in fat the data for the Virgo luster galaxies was
taken from the same papers as the referene data), it seems highly unlikely that
photometri errors are to blame for the observed disrepant galaxies.
The reliability of the morphologial types of the galaxies is more diÆult to
address than that of the photometry. First, there exists a satter of approximately
one full type between the morphologial types of the same set of galaxies deter-
mined by dierent people (Naim, Lahav, Buta, Corwin, de Vauouleurs, Dressler,
Huhra, van den Bergh, Rayhaudhury, Sodre & Storrie-Lombardi 1995). How-
ever the intrinsi satter in morphologial types is unlikely to aount for the
observed eet, sine it should be equally well present in both the referene and
luster samples. A more serious problem is that the typial distane to the lus-
ters studied in this work is muh greater than the distane to the referene sample
galaxies. This means that pixelization and seeing eets an lead to a loss of in-
formation in the images of the galaxies in the more distant lusters. Sine one
important determinant of morphologial type is the struture and texture of spiral
arms, the loss of high spatial frequeny information in galaxy images an lead to a
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systemati morphologial mistyping, presumably in the sense of typing late type
galaxies as earlier type galaxies. Short of obtaining images of luster galaxies
in exellent seeing with a small pixel sale, it is diÆult to diretly assess how
signiant this eet is.
One indiret way to examine whether there is a major problem with morpho-
logial mistyping is to measure some other property that is also used in determin-
ing morphologial types for galaxies, but whih is less eeted by distane, suh as
the bulge to disk ratio of the galaxy. In this ase the dependene of Hubble type
on the onentration index (Doi et al. 1993) for a sample of nearby eld galaxies is
ompared to the same parameters for luster galaxies for whih images have been
obtained. The eld sample onentration indies were alulated for galaxies in
the imaging survey of nearby galaxies by Frei, Guhathakurta, Gunn, & Tyson
(1996), who olleted images both at the Lowell and Palomar observatories. The
method used to derive onentration indies for the Frei et al. (1996) galaxies
was idential to that used for the luster galaxies (see setion 2.7). Images in
Gullixson's R band (extremely similar to Cousins R for galaxies) were used to
derive the onentration indies. The size of apertures used was again seleted to
orrespond to a surfae brightness level 2 above that for the sky. Indies were
alulated only for galaxies with Lowell images. The smaller number of galaxies
observed using the 48 inh Shmidt telesope at the Palomar Observatory were
not used, beause the enters of several of these galaxies were saturated making
them unsuitable for alulating onentration indies. This gave a sample of 82
eld galaxies for whih onentration indies were alulated.
A plot of onentration index against Hubble type is given in Figure 3.16.
Examination of the distribution of points for the Frei et al. (1996) galaxies shows
that there is a orrespondene between the two parameters; however, the large
spread in onentration index at a given Hubble type means that using a single
galaxy's onentration index to predit an aurate Hubble type is impossible. We
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Figure 3.16. A omparison of the distribution of onentration indies vs. morpho-
logial type for a sample of nearby galaxies (open diamonds) and luster galaxies
(losed irles).
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an, however, examine the distribution of points in the Hubble type-onentration
index plane for the dierent samples to see whether they trae the same distri-
bution. Doing this for the Frei et al. (1996) and luster galaxies suggests that
while one or two early type luster galaxies may be mislassied late type spi-
rals, in general the two distributions are idential. Therefore, there is no evidene
that there has been any systemati mistyping of luster galaxies. This in turn
implies that simple morphologial misidentiation annot be used to aount for
the trends seen in the lusters of dierent dynamial states.
3.6.1 H Deient Galaxies
The H deient galaxies appear preferentially in the dynamially relaxed
lusters. Morphologially the H deient galaxies are later type spirals (type
Sb and later), whih as noted earlier is due to the fat that many early type
galaxies have relatively little star formation, so that it is essentially impossible
for an early type galaxy to have an H deit. Of the ve H deient galaxies
that have DDO types in Van den Bergh, Piere, & Tully (1990), two are typed
as anemi, two as normal spirals, and one is typed as a transition objet between
spiral and anemi. On the other hand, of seventeen galaxies (mostly in the Virgo
luster) onsidered here that had normal H properties and types in Van den
Bergh et al. (1990), sixteen were typed as spirals and the last was typed as a
transition objet. This suggests that the H deient galaxies probably represent
another manifestation of Van den Bergh's (1976) anemi spirals. On the surfae at
least, this suggests that a simple model where the star forming apability of disk
galaxies is slowly eroded due to extended exposure to the luster environment,
either through gas dynamial or tidal removal of gas from the galaxy, an aount
for the data. In support of this idea, Koopmann (1997) presents an H imaging
study of 65 spiral galaxies in the Virgo luster, and nds that several of the
later type spirals in her sample have a deit of H emission, attributable to
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a trunation of H emission in their outer disks. If this model is orret, the
presene of some H deient galaxies in the less dynamially relaxed lusters is
not unexpeted, sine the expeted soure of the substruture in these systems
is the merger of two or more (presumably relaxed) lusters or groups. The few
H deient galaxies in the dynamially unrelaxed sample may represent galaxies
that have had their star forming apabilities eroded by prolonged exposure to the
pre-merger luster environment in these systems.
3.6.2 H Exess Galaxies
An overabundane of H exess galaxies in the dynamially relaxed lusters is
indiated by the previous analysis. The majority of the H exess galaxies are of
early type, although there is marginal evidene for a greater number of late type,
H exess galaxies than found in the referene sample. This is in agreement with
the earlier ndings of Moss & Whittle (1993), who found a population of early
type H exess galaxies, but no enhaned late type spirals in an objetive prism
survey of eight nearby lusters. It also suggests that these systems represent the
ounterparts of the HÆ strong galaxies found in nearby lusters by Caldwell et
al. (1993) and Caldwell & Rose (1997), observed during their phase of ative
star formation. This result is somewhat diÆult to reonile with the simple
piture where the enhaned population would all be late type spirals falling into
the luster for the rst time, during whih some environmental interation (either
gas dynamial or tidal) temporarily enhanes the rate of star formation in the
galaxies disks.
An important point regarding these early type H exess galaxies is that al-
though they demonstrate an exess of star formation ompared to galaxies of sim-
ilar type, the total rate of star formation in most of these systems is unimpressive
when ompared to a typial S galaxy. To demonstrate this point quantitatively,
all the H exess galaxies in the unrelaxed lusters (early as well as late type) are
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tabulated in Table 3.4, along with several parameters related to the star forma-
tion ativity in these systems. The absolute blue magnitudes (M
B
) of the galaxies
was alulated for eah galaxy using B
0
T
along with the lusters mean reession
veloity assuming H
0
= 75km=se=Mp and q
0
= 0. The two parameters of the
greatest importane in disussing the rate star formation in these galaxies are the
H+ [NII℄ equivalent width and luminosity. The equivalent width gives a mea-
sure of the star formation rate per unit mass for a galaxy. For omparison, the
mean equivalent width for S galaxies is  28

A. Examining the equivalent widths
for the H exess shows that most of the late type galaxies have impressively high
equivalent widths, suggesting star formation rates per unit mass of 2-6 times that
of a typial S galaxy. On the other hand, the early type H exess galaxies have
equivalent widths about the same as that of a typial S galaxy,
In order to examine the global star formation rates for the H exess galaxies,
their H + [NII℄ luminosities are given in Table 3.4. For omparison, the total
number of M

B
=  20:2 S galaxies required to produe the same amount of H
luminosity was alulated and is given in the nal olumn of the table. For anM

S galaxy, log(L(H+[NII℄)) was taken to be 41.28, whih orresponds to a star
formation rate of  3:5M

=yr, using the alibration of Kenniutt (1983b). The
values show that most of the late type H exess galaxies have star formation
rates 1-2 times that of a large S galaxy. The early type H exess galaxies have
star formation rates orresponding to  0:5 that of a large S galaxy. There-
fore, although these systems show a denite enhanement in their star formation
rates over what is seen in omparable eld galaxies, this level of star formation is
unspetaular when ompared to that in normal, atively star forming systems.
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Table 3.4. Basi data for the H exess galaxies.
Galaxy Hubble r
phot
r
morp
M
B
EW log(L
H+[NII℄
) # S's
Type

A ergs=se
CGCG 097-068 Sb 2.70 1.83  20.49 51 41.43 1.41
UGC 6697 I(pe) 1.97 2.39  21.08 70 41.72 2.75
CGCG 097-073 I 1.75 3.14  19.26 93 41.19 0.81
CGCG 097-079 I 3.49 5.71  19.26 168 41.28 1.00
Mk 181 I 2.48 3.46  20.60 102 42.03 5.62
UGC 6614 Sa 2.51 12.50  20.56 17 41.16 0.76
UGC 6876 Sab 3.02 1.00  20.30 12 40.80 0.33
NGC 3840 Sa 19.17 1.06  20.38 23 41.20 0.83
NGC 6040B S0(pe) 14.00 11.67  20.85 14 40.97 0.49
NGC 6054 SABb 0.70 2.33  20.82 27 41.35 1.17
IC 1189 SB0a 1.13 13.33  21.29 16 41.21 0.85
D 150 S0 10.31 35.00  20.49 42 41.77 3.09
D 079 E 7.11 40.00  19.11 48 41.13 0.71
CGCG 234-056 S0a 0.71 35.83  19.14 43 41.15 0.74
UGC 3706A Sa 0.77 28.60  18.89 34 40.84 0.36
UGC 3706B Sa 1.03 14.08  18.61 17 40.56 0.19
3.7 Summary and Disussion
This hapter has presented a study of how the exess or deit of H emission
in luster galaxies depends on the dynamial state of the luster. The major
onlusions are as follows:
1. Galaxies in lusters that are in relatively dynamially relaxed lusters show
a deit of H emission (and thus presumably star formation) ompared to
a sample of normal, star forming eld galaxies.
2. Galaxies that reside in less dynamially relaxed lusters have normal to
exess H emission. The H exess galaxies in these lusters tend to be
galaxies of type Sa and earlier.
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3. The star formation rates in the early type H exess galaxies are modest,
generally being omparable to those in S galaxies of similar mass. There-
fore, the H exess systems urrently aount for a minority of the star
formation ourring in the dynamially unrelaxed lusters.
4. The majority of luster spirals, in both relaxed and unrelaxed lusters are
indistinguishable in their star formation properties from similar eld galax-
ies.
The fat that most luster spirals seem to be fairly normal when ompared
to eld spirals is a result that has been well doumented in previous studies
(Kenniutt 1983a; Kenniutt et al. 1984; Gavazzi et al. 1991), and suggests that
whatever mehanisms operate in urrent day lusters to reate the H deient
galaxies are not atastrophi in nature. In partiular, rapid stripping by the luster
environment is ruled out, sine we do not see a population of blue, strongly H
deient systems. This suggests that the observed H deient population is due
to a proess that more slowly strips the material from the galaxies.
Evidene for populations of early type H exess galaxies in lusters had also
been found previously by Moss & Whittle (1993). These systems probably rep-
resent the analogs of the HÆ strong galaxies found by Caldwell et al. (1993) and
Caldwell & Rose (1997), aught during their bursts of star formation. The ombi-
nation of these galaxies with modest but enhaned rates of star formation, along
with the large number of normal luster spirals, suggests that like the mehanism
that operates to produe the H deient galaxies, the mehanism responsible
for the early type H exess galaxies is also not atastrophi in nature. This is
dierent than the situation for the most energeti star bursts, whih usually seem
to our in strongly interating or merging systems (Kenniutt et al. 1987). The
typially low rates of star formation in early type galaxies probably makes them
more sensitive traers of suh a mehanism than late type spirals, sine a mild
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burst of star formation will be more easily deteted in the early type systems than
in the late type systems.
Finally, note should be made of the shortomings of the data used here, in
partiular the possibility of biases being introdued beause, in the ase of the
data from the literature, no omplete sample of galaxies has been observed. A
partiularly worrisome point in this regard is that the observers may have been
seletively drawn to observing peuliar galaxies at the expense of more normal
seeming galaxies. The observed dierene between galaxies in dierent lusters
suggests that this probably an't explain the observed eet, sine there are sys-
temati dierenes between dierent lusters, observed by the same people.
Another problem with the nature of the data used here is that they are not
useful for answering some interesting questions regarding the nature of the galaxies
and their immediate environment. First, beause of the lak of uniform spatial
sampling, it is impossible to look for orrelations of the H deient or exess
galaxies with position in the luster, or with known substrutures. Seond, the
serendipitous disovery of a ompat elliptial in Abell 2151 with intense star
formation (D 079) suggests that the urrent data may have missed other star
forming galaxies that would not have been seleted to be observed on the basis of
their morphology.
Clearly all these diÆulties ould be resolved using an imaging survey that
sampled the entire area of the luster. In the following hapter the results of suh
a survey for one of the dynamially unrelaxed lusters studied in this hapter,
Abell 2151 (the Herules luster), is presented.
4 An H Survey of the Herules
Cluster
This hapter presents the results of an H and broadband survey of the Her-
ules luster (Abell 2151). The Herules luster was seleted for observation sine
it represents the loal prototype of an irregular, spiral rih luster. The blue fra-
tion of the Herules luster is 0.14, approahing that of Buther-Oemler lusters
at z

> 0:2 (Buther & Oemler 1984). The data presented here represent the
largest sample ever studied within a single galaxy luster, and are spatially om-
plete. Therefore, unlike previous work, this study is unbiased with respet to the
morphologial type of the galaxies observed. Basi photometri parameters were
derived for a sample of luster galaxies (both broadband and H photometry) in
order to searh for galaxies that have either an exess or deit of H emission,
ompared to what would be expeted for a eld galaxy of similar olor or mor-
phologial type. An additional goal is to searh for any orrelations between the
emission properties of the galaxies and any of the identiable substrutures in the
Herules luster.
4.1 Cluster Struture and Dynamis
The Herules luster is one of the best known examples of an irregular, un-
relaxed luster. The most omprehensive study to date of the urrent dynamial
state of the luster is that by Bird, Davis, & Beers (1995), whih uses both x-ray
data from the ROSAT PSPC as well as position and veloity data for luster
galaxies. The analysis of Bird et al. (1995) was extended by Huang & Sarazin
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(1996) who ombined ROSAT HRI data with the Bird et al. (1995) PSPC data,
as well as positional data for luster galaxies. A ontour plot of the x-ray emis-
sion observed in the luster by the PSPC, overlaid with the positions of ataloged
galaxies in the diretion of the luster is given in Figure 4.1. Bird et al. (1995)
nd three diuse x-ray soures assoiated with the luster. The brightest is en-
tered near the bright elliptial galaxy NGC 6041A, several arminutes west of the
lassial ore of the luster. The seond, entered near the lassial luster ore
and the bright elliptial NGC 6047, is only half as bright as the rst. The third is
loated 15-20
0
east of the seond, and is about 100 times less luminous than the
brightest omponent.
Using position and veloity data for luster galaxies, Bird et al. (1995) demon-
strated that there was signiant substruture in the galaxy distribution in the
Herules luster, as well as in the x-ray distribution. They then applied an obje-
tive partitioning algorithm to the optial data, in order to infer more about the
properties of the individual sub-lusters. Initially they allowed the partitioning
algorithm to nd three groups in the luster, inspired by the presene of the 3
diuse x-ray soures. The enter of the rst of the three sub-lusters found by the
partitioning algorithm orresponds losely to the lassial enter for the luster.
The seond orresponds to the eastern x-ray soure, while the third orresponds
to an obvious optial grouping in the northern part of the luster that has no
identiable diuse x-ray emission assoiated with it. Rerunning their statistial
substruture tests on the partitioned data, Bird et al. (1995) nd that there is
still signiant substruture in the entral subluster. The interpretation given
the data by Bird et al. (1995) is that the subluster orresponding to the las-
sial enter of the luster represents the main body of the luster. The eastern
subluster is suggested to be a smaller luster that has reently passed through
the enter of the main luster. The northern substruture is inferred not to be a
distint group of galaxies, but simply a region where galaxies are urrently falling
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Figure 4.1. Positions of all galaxies brighter than O = 18:5 from the APS atalog
overlaid with ontours of x-ray emission from the ROSAT PSPC for the Herules
luster.
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into the main luster from the Herules super-luster. These results suggest that
many galaxies are being introdued to the luster environment for the rst time.
Using x-ray data olleted with the ROSAT HRI, in onert with a ontour
map of the galaxy surfae density (weighted by luminosity), Huang & Sarazin
(1996) were able to split the galaxy distribution in the entral regions into two
omponents, one entered near the brighter entral x-ray peak, whih they denote
as C(B), and one assoiated with the fainter x-ray peak, whih they denote C(F).
They also identify a galaxy peak to the south-south-west of the brightest x-ray
peak that has no assoiated x-ray emission, whih they identify as the S subluster.
The positions of the ve sub-lusters identied by both Bird et al. (1995) and
Huang & Sarazin (1996) (indiated by the symbols CB, CF, E, N, and S) are
shown in Figure 4.2, overlaid on the x-ray ontours from the ROSAT PSPC. The
borders of the elds imaged at Kitt Peak are shown overlaid as dashed lines. These
subluster identiations will be used later in studying the spatial distribution of
galaxies in the Herules luster with dierent H emission properties.
4.2 Kitt Peak Observations
Observations of the Herules luster were obtained using the 0.9m telesope
at Kitt Peak National Observatory over the nights of June 30 to July 2 1997. The
detetor was Kitt Peak's T2KA 2048
2
CCD used at the f/7.5 fous. This yielded
a pixel sale of 0.688 arseonds, giving a useful eld of view of approximately 23
arminutes.
Images were obtained for seven elds on the luster in Johnson's B, Cousin's R,
and with narrow band lters overing the spetral region of the H+N [II℄ lines.
Two narrow band lters were used on eah eld (Kitt Peak lter numbers 1497
and 1498) in order to over the entire veloity range of the luster. Two images
were obtained in eah lter, in order to failitate osmi ray removal. Typial
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Figure 4.2. A omparison of the positions of optially identied substrutures
with x-ray identied substrutures.
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integration times for a single image were 10 minutes in B, 7.5 minutes in R, and
15 minutes in the narrow band lters. Beause two frames in eah lter where
obtained, the total integration time in eah lter was twie that for the single
exposures.
4.2.1 Image Redutions
The CCD used in the observations had no signiant bias struture aross the
hip. Therefore, although bias frames were olleted and examined for eah night's
observing, they were not used in the removal of the bias level. Instead the bias
level was removed from all frames using a polynomial t to the over-san region
of the hip. Twilight ats were olleted in eah band at the beginning of eah
night. Beause of the number of lters used, ombined with the relatively long
readout time of the CCD (2.5 minutes), it was impossible to obtain nightly ats
for all the lters. Fortunately, the response of the observing setup on the 0.9m is
fairly stable from night to night. Beause of this, it was possible to ombine the
twilight images obtained over the three nights to onstrut master twilight ats
for eah lter, for the entire observing run. After at elding, the two images
of eah eld in eah lter were ombined using an algorithm designed to remove
osmi rays by using the noise harateristis of the CCD.
4.3 Galaxy Seletion
Cluster galaxies were seleted for further study in three ways. First, the on-
tinuum subtrated H images were visually searhed to identify H soures asso-
iated with the luster. This searh gave a list of approximately 80 H soures in
the luster. Galaxies that had B
T
< 18:0 where seleted from this list for further
study, yielding a sample of 66 galaxies, whih are listed in Table 4.1, along with
the galaxy's right asension and delination, morphologial type on the revised
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Hubble system (a type of G means that no type was assignable to the galaxy), and
where available, the galaxy's redshift, taken from NED. Galaxy identiations are
given by their designation in dierent atalogs. NGC/IC numbers are given for
galaxies in the New General Catalog of Non-stellar Astronomial Objets and the
aompanying Index Catalog (Dreyer 1888, 1895, 1908), UGC numbers for galax-
ies in the Uppsala General Catalog of Galaxies (Nilson 1973), CGCG numbers for
galaxies in the Catalog of Galaxies and Clusters of Galaxies (Zwiky et al. 1968),
Mrk numbers for galaxies from the lists of Markarian et al. (1989), D numbers
for galaxies from the morphologial atalog of Dressler (1980b), BO numbers for
galaxies in the photometri atalog of Buther & Oemler (1985), PGC numbers
for galaxies in the Catalog of Priniple Galaxies (Paturel, Fouque, Bottinelli, &
Gouguenhiem 1989), mg numbers for galaxies in the Morphologial Catalog of
Galaxies (Vorontsov-Velyaminov, Arhipova, & Krasnogorskaja 1974). Finally,
galaxies that did not appear in any atalog were given a two letter designation for
the eld in whih the galaxy was observed, followed by a sequene number (for
example s1).
A seond list of galaxies for further study was ompiled, whih onstituted
all galaxies in NED that had redshifts that indiated the galaxies were Herules
luster members, but were not deteted in H. This list was also restrited to
galaxies brighter than B
T
= 18:0, giving a list of 37 galaxies that are tabulated in
Table 4.2, along with the galaxy's right asension, delination, morphologial type,
and redshift. One fat is immediately notable from the examination of Tables 4.1
and 4.2; virtually all the spiral galaxies in luster with B
T
 18:0 were deteted
in H, and the few spirals that were not deteted were of type Sa.
Third, all galaxies that were deteted by Dikey (1997) in his VLA HI survey
of the luster were inluded, in order to provide basi data suh as magnitudes
and olors for the galaxies in this sample. Unfortunately, the spatial overage
in the urrent survey is somewhat more restrited than that ahieved by Dikey
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(1997), so only those galaxies that overlap between both study areas are onsidered
further. Most of the high surfae brightness galaxies deteted by Dikey (1997)
in HI are also part of the H deteted sample, so there is onsiderable overlap
between the two samples. All the galaxies in the Dikey (1997) survey that are
within the urrent study area are tabulated in Table 4.3, along with their right
asension, delination, reession veloity determined from the HI data, total HI
mass, and a notation as to whether the galaxy was deteted in H. The following
HI detetions deserve omment at this point.
4.3.1 Notes on HI Detetions
IC 1189. Based on the image of this galaxy on the Palomar Sky Survey, Dikey
(1997) believed that this galaxy is a highly inlined system whose HI distribution
is perpendiular to its disk. The deeper images obtained at Kitt Peak show that
the presumed disk is atually this galaxy's entral bar, and that its disk is oriented
in a manner onsistent with its HI distribution.
CE-060. This HI loud is near the edge of the disk of the Sab galaxy IC 1185,
and has an optial ondensation assoiated with it. The HI and assoiated optial
emission are probably not atually physially assoiated with IC 1185, sine the
HI veloity and optial veloity measured for IC 1185 dier by around 700km/se.
CE-061 and CE-086. Both of these HI louds are assoiated with the peuliar
S0 galaxy IC 1182. IC 1182 is a merger remnant (Bothun, Stauer, & Shommer
1981), showing two tidal tails; a narrow tail projeting to the east of the galaxy,
and a broader, more fan-like tail projeting to the northwest. As is ommon in
the later stages of a merger (see e.g. Hibbard & Van Gorkom 1996), the HI is
assoiated with the tidal tails and not the main body of the merger remnant. e-
061 is assoiated with the narrow eastern tail, while e-086 is assoiated with the
more fan-like western tail. Based on the the strutural dierenes in the two tails,
Bothun et al. (1981) suggested that IC 1182 may represent a merger between a late
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type spiral and an S0 or elliptial galaxy, sine dynamially old systems like the
disks of late spirals give rise to narrow tidal tails, while broad tidal tails originate
in hotter dynamial systems, suh as early type galaxies. However, the fat that
there is onsiderable HI assoiated with the fan-like tail may instead suggest that
both galaxies were gas rih spirals, but that the merger was retrograde, giving rise
to the broader tail (Hibbard & Van Gorkom 1996).
NGC 6050 + IC 1179. These late type galaxies are overlapping, but there
is little sign of interation, suggesting that they may simply be a line of sight
projetion. The optial veloities of the two galaxies are signiantly dierent,
with NGC 6050 having a reession veloity of v = 9528km=se, and IC 1179
having a optial reession veloity of v = 11129km=se. The deteted HI appears
to be assoiated with IC 1179 sine it appears to be spatially entered on that
galaxy and has a veloity of v
HI
= 11034km=se that agrees well with the optially
measured veloity. The non-detetion of NGC 6050 is almost assuredly due to the
fat that its reession veloity lies below the veloity uto in Dikey's HI data.
CE-143. Dikey (1997) notes that although the early type spiral D 091 is
nearby e-143, the HI is probably not assoiated with this galaxy, and instead
may be assoiated with either the nearby galaxy BO 176, or another nearby dwarf
galaxy. Examination of the optial images olleted for this study show that there
are atually 2 dwarfs in the region. The lose proximity to one another on the sky
of BO 176, the two dwarf galaxies, and a bright star make it diÆult to derive
photometri parameters for these systems.
CE-137 and CE-155. As Dikey (1997) notes, these two detetions are probably
just two parts of the same HI loud, whih were split in two by his detetion
algorithm. There is no obvious optial ounterpart to the HI loud on the CCD
frames.
NGC 6047. This galaxy is a somewhat peuliar elliptial, loated near the
fainter diuse x-ray peak assoiated with the luster enter. NGC 6047 was not
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deteted in H in the urrent survey. The HI has a veloity over 2000km=se
higher than that measured optially for the galaxy, suggesting that it may be a
line of sight superposition of of the bright elliptial and a lower surfae brightness,
HI rih galaxy.
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Table 4.1. All H detetions brighter than B
T
= 18:0.
Galaxy RA (B1950) De (B1950) Morphology z
D 084 16 01 01.1 17 56 00 Sa(pe) 0.03759
D 042 16 01 07.0 17 43 18 S |{
BO 102 16 01 53.0 17 57 59 G |{
D 005 16 01 54.7 17 20 28 Sdm 0.03484
D 025 16 02 04.8 17 34 19 S 0.03604
D 122 16 02 07.8 18 16 28 S 0.03625
PGC 56936 16 02 08.1 18 00 50 SB0a 0.03726
NGC 6040B 16 02 11.4 17 52 40 S0(pe) 0.04115
D 103 16 02 11.5 18 07 24 S0a |{
NGC 6040A 16 02 11.8 17 53 11 SAB 0.04208
CGCG 108-098 16 02 15.2 17 36 16 SAB 0.03970
s1 16 02 16.9 17 23 05 S0 |{
D 021 16 02 23.3 17 29 07 S(pe) |{
BO 128 16 02 24.3 18 10 17 G |{
CGCG 108-108 16 02 30.1 17 35 01 S 0.03547
D 020 16 02 32.0 17 29 00 S 0.03539
s2 16 02 41.4 17 22 58 S0 |{
D 129 16 02 44.5 18 19 22 S 0.03788
NGC 6044 16 02 44.9 18 07 17 S0 0.03314
mg+03-46-085 16 02 49.3 17 42 57 G |{
D 049 16 02 52.0 17 47 02 S 0.03398
NGC 6045 16 02 53.1 17 53 35 SB 0.03331
BO 119 16 02 55.7 17 59 21 S 0.03304
BO 107 16 02 57.3 17 33 29 S |{
IC 1173 16 02 57.4 17 33 28 SAB 0.03482
PGC 57042 16 03 00.2 17 40 28 G 0.04102
D 061 16 03 00.8 17 50 35 S0 0.03146
BO 076 16 03 01.0 17 44 21 S0a |{
IC 1179 16 03 07.3 17 53 15 SBd 0.03712
NGC 6050 16 03 08.0 17 53 32 S 0.03178
UGC 10190 16 03 11.4 17 49 54 Sd 0.03679
D 098 16 03 11.8 18 02 41 SBb 0.04128
D090 16 03 12.7 17 57 54 S? 0.03420
D 097 16 03 14.6 18 03 47 S0a 0.03971
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Table 4.1.|Continued
Galaxy RA (B1950) De (B1950) Morphology z
NGC 6054 16 03 15.6 17 54 10 SABb 0.03716
NGC 6056 16 03 16.6 18 05 54 SB0 0.03898
D 079 16 03 19.1 17 54 17 E 0.03413
s4 16 03 20.4 17 30 36 S0 |{
Mk 299 16 03 21.4 17 26 29 S(pe) 0.03699
IC 1182 16 03 21.9 17 56 12 S0(pe) 0.03378
IC 1186 16 03 28.8 17 29 49 SBb(pe) 0.03683
IC 1185 16 03 24.6 17 51 04 Sab 0.03466
D 038 16 03 30.3 17 42 59 S 0.04072
CGCG 108-135 16 03 31.6 18 09 04 SBb 0.03704
D 119 16 03 34.6 18 15 16 S0 0.03658
D 018 16 03 38.5 17 28 29 S 0.03424
CGCG 108-139 16 03 45.6 18 19 48 SABb 0.03842
CGCG 108-138 16 03 47.4 18 14 47 SABb 0.03683
D 108 16 03 51.0 18 10 12 Sb 0.04066
IC 1188A 16 03 52.1 17 35 35 SABa 0.03569
BO 129 16 03 55.5 17 50 10 Sb |{
D 012 16 03 56.6 17 26 08 SBb 0.03346
D 100 16 03 59.2 18 05 07 SABd 0.03849
IC 1189 16 04 00.4 18 19 01 SB0a 0.03890
IC 1193 16 04 17.0 17 50 47 SAB0 0.04014
IC 1192 16 04 18.2 17 54 32 Sb 0.03852
CGCG 108-149 16 04 20.4 18 01 33 SABb 0.03685
D 054 16 04 21.0 17 49 47 S 0.03992
D 089 16 04 23.5 17 59 00 E |{
IC 1195 16 04 25.3 17 19 29 SBb 0.03990
D 036 16 04 25.6 17 43 31 Sdm 0.04078
CGCG 108-154 16 04 33.0 17 37 32 Sb 0.03723
D 045 16 04 33.2 17 46 53 Irr 0.03736
D 087 16 04 42.2 17 59 22 Sb 0.03842
e1 16 04 45.8 17 41 59 Sd |{
PGC 57214 16 05 09.2 17 47 39 Sb 0.03855
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Table 4.2. All luster galaxies brighter that B
T
= 18:0 and known redshifts,
but with no H detetions.
Galaxy RA (B1950) De (B1950) Morphology z
D 069 16 01 03.2 17 52 10 E 0.03505
PGC 56919 16 01 52.1 17 43 04 S0 0.03852
D 104 16 01 55.4 18 07 02 SB0 0.03875
PGC 56945 16 02 13.7 17 47 03 S0 0.03787
NGC 6041A 16 02 20.8 17 51 24 E 0.03481
NGC 6042 16 02 24.6 17 50 11 S0 0.03529
D 110 16 02 25.4 18 10 04 S0 0.03756
BO 064 16 02 27.2 17 49 08 Sa 0.03479
D 051 16 02 27.7 17 46 27 SB0a 0.03373
PGC 57000 16 02 34.0 17 46 46 S0a 0.03892
NGC 6043A 16 02 46.5 17 54 37 SAB0 0.03340
PGC 57020 16 02 47.0 17 57 57 S0 0.03601
NGC 6047 16 02 54.0 17 51 54 E 0.03154
PGC 57047 16 03 03.6 17 47 25 E 0.03166
PGC 57052 16 03 07.3 18 06 18 S0 0.03953
PGC 57055 16 03 07.8 17 59 22 SB0a 0.03614
PGC 57071 16 03 14.7 17 48 56 Sa 0.03698
NGC 6055 16 03 18.1 18 17 38 SAB0 0.03762
IC 1183 16 03 23.2 17 54 04 SAB0 0.03348
NGC 6053 16 03 25.1 18 17 55 E 0.03480
CGCG 108-129 16 03 25.4 18 11 25 SBa 0.03934
PGC 57092 16 03 26.4 18 14 33 E 0.03792
PGC 57106 16 03 34.8 17 36 49 E 0.03421
PGC 57112 16 03 37.7 17 26 31 E 0.03245
PGC 57115 16 03 41.3 17 49 40 S0 0.03849
PGC 57119 16 03 45.9 18 12 57 E 0.03760
PGC 57123 16 03 48.1 17 50 08 E 0.03612
PGC 57133 16 03 59.2 18 12 42 S0 0.03670
PGC 57143 16 04 05.9 17 55 17 S0 0.03986
D 096 16 04 07.8 18 03 45 S0 0.03500
D 055 16 04 21.0 17 51 22 S0 0.03667
PGC 57162 16 04 21.5 17 55 45 E 0.03923
IC 1194A 16 04 23.7 17 54 58 SAB0a 0.03733
IC 1194 16 04 24.4 17 53 40 S0(pe) 0.03883
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Table 4.2.|Continued
Galaxy RA (B1950) De (B1950) Morphology z
PGC 57183 16 04 33.1 17 55 22 E 0.04190
PGC 57198 16 04 51.3 17 58 55 S0 0.03863
D 053 16 05 02.1 17 49 44 S0 0.03662
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Table 4.3. All HI detetions in the Dikey (1997) survey that fall within the
urrent study area.
Galaxy RA (B1950) De (B1950) v (km/se) M
ext
H?
ne-142 16 04 07.9 18 08 04 11711 10.4 n
IC 1189 16 04 00.1 18 19 05 11822 14.1 y
D 100 16 03 59.2 18 05 13 11556 26.4 y
mt 14 16 03 51.5 18 17 23 11467 20.0 n
CGCG 108-138 16 03 47.1 18 14 41 11035 23.0 y
CGCG 108-139 16 03 45.2 18 19 49 11179 28.1 y
D 129 16 02 44.8 18 19 23 11334 16.6 y
(FGC237A) D 122 16 02 06.5 18 16 33 10868 30.5 y
e-042 16 03 45.3 17 53 56 11919 19.4 n
e-048 16 03 40.8 17 50 41 11145 10.5 n
e-060 16 03 29.7 17 50 23 11100 11.7 n
e-061 (i1182) 16 03 26.3 17 56 03 10104 99.1 y
e-070 16 03 27.2 17 53 06 11654 15.4 n
e-086 (i1182) 16 03 18.3 17 56 53 10458 10.9 n
NGC 6054 16 03 15.6 17 54 08 11189 68.5 y
UGC 10190 16 03 11.2 17 50 06 11100 53.7 y
NGC 6050 + IC 1179 16 03 07.4 17 53 22 11034 28.3 y
e-137 16 03 06.9 17 36 33 11632 26.5 n
e-143 16 03 05.8 18 00 07 11587 8.9 n
e-155 16 03 06.4 17 36 30 11620 29.3 n
D 033 (PGC 57042) 16 03 00.0 17 40 51 11410 24.9 y
IC 1173 16 02 59.7 17 33 53 10281 19.9 y
BO 119 16 02 55.1 17 59 26 9905 14.7 y
NGC 6047 16 02 53.6 17 51 46 11698 22.8 n
NGC 6045 16 02 51.3 17 53 27 10204 12.2 y
e-200 16 02 51.8 17 55 06 9927 4.8 y
e-224 16 02 43.3 17 38 05 11941 15.1 n
CGCG 108-108 16 02 29.9 17 34 56 10635 87.3 y
CGCG 108-098 16 02 15.2 17 36 23 11875 23.4 y
D 020 16 02 32.5 17 29 03 10535 26.6 y
D 005 16 01 54.5 17 20 35 10446 33.6 y
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4.3.2 Broadband Photometry
All three nights of the Kitt Peak observing run were photometri. In order to
photometrially alibrate the data, observations of Landolt (1992) standard star
elds were obtained eah night.
Total magnitudes and olors were extrated for the samples of H deteted
and non-deteted galaxies. Fae on total magnitudes and olors were alulated
using the k orretions of Coleman et al. (1980) and olor exesses derived using
the interstellar extintion urve of Reike & Lebofsky (1985). The foreground ex-
tintion due to material within our own galaxy was estimated as in RC3 using the
tehnique of Burstein & Heiles (1984), whih uses a ombination of the observed
HI olumn density within our galaxy, along with number ounts of faint galaxies
to derive the extintion and reddening along dierent lines of sight. Axis ratios
where derived for the galaxies by tting elliptial isophotes to the galaxies in the
B band. Instead of determining the axis ratio at a presribed surfae brightness
level, areas in the outer part of the galaxy where the run of elliptiity with radius
was fairly onstant were used to determine the axis ratios. Galaxies that were
morphologially typed only as S were given internal extintion orretions and
k orretions appropriate for an S galaxy (i.e. they were given the maximum
internal extintion orretion). Galaxies that were typed only as G (i.e. no mor-
phologial type was assignable) were given no internal extintion orretion, but
were k orreted as if they were early type galaxies.
The derived magnitudes and olors are presented in Table 4.4 for the H
deteted sample, and in Table 4.5 for the H non-detetions. Two overlapping
pairs of galaxies (NGC 6040A+B and IC 1179+NGC 6050) in the H deteted
sample have olors reported, but no total magnitudes. In both systems, the
photometry was performed within apertures that minimized the ontamination
due to the other member of the pair. In both ases the paired galaxies had similar
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olors, so that the extrated olors should be fairly reliable. The diÆulty in
leanly separating the systems for the purpose of determining total magnitudes is
the reason no total magnitudes are quoted for these systems. Total magnitudes
derived from the Lowell data for NGC 6040A+B are quoted in Chapter 2, beause
the lower quality images derived at Lowell suggested that a fairly lean separation
was possible. The deeper images taken in better seeing onditions at Kitt Peak
show that NGC 6040B possesses an extensive, low surfae brightness disk that
overlaps that of NGC 6040A. This suggests that the total magnitudes for this
system presented in Chapter 2 be treated with appropriate aution.
A omparison of the total magnitudes derived here with those from RC3 and
those presented in Chapter 2 from observations taken at the Lowell Observatory is
given in Figure 4.3. This gure reveals that there seems to be a systemati oset
between B
T
's derived here and those from other soures, primarily RC3. The
relationship between the dierent soures of photometry is linear and has a slope
of one, but with a zero point oset of 0.11 mag, in the sense that the magnitudes
presented here are fainter than those presented in RC3. The satter around the
mean relation is onsistent with the estimated errors in the photometry. Buta &
Corwin (1986) presented photometry of galaxies in the Herules luster derived
from surfae photometry of lm opies of plates olleted at Kitt Peak. Both
Buta & Corwin (1986) and RC3 note that the photometry derived from the lms
is fainter than that derived from photo-eletri aperture photometry of Herules
luster galaxies by approximately 0.1 magnitude. Beause the photometri system
of RC3 is determined by the photo-eletri aperture photometry, this suggests that
the dierene between the photometry presented here and that in RC3 may be due
to a zero point error in the RC3 photometry for galaxies in the Herules luster
of 0.1 magnitudes. In order to test the idea, a plot of the photometry in ommon
between this study and that derived from the Kitt Peak lms by Buta & Corwin
(1986) is presented in Figure 4.4. This plot shows no zero point oset between
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the data from the two soures, suggesting that the observed oset is indeed due
to a zero point error in the aperture photometry presented in RC3.
A omparison of the (B   R)
T
olors derived here with other photometry
is given in Figure 4.5. The derived olors are ompared with two soures, the
(B R)
T
olors derived from the Lowell Observatory data presented in Chapter 2,
and with the relationship between (B  V )
T
and (B R)
T
olors found using the
data presented in RC3 and Buta & Williams (1995). There is generally good
agreement between the olors presented here and those from other soures.
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Figure 4.3. Comparison of total B magnitudes measured here with those from
RC3 and the Lowell Observatory.
100 Vitor Andersen
15.0 15.2 15.4 15.6 15.8 16.0
BT (Buta & Corwin)
15.0
15.2
15.4
15.6
15.8
16.0
B T
 
(T
his
 W
ork
)
Figure 4.4. Comparison of total B magnitudes measured here with those from
Buta & Corwin (1986).
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Figure 4.5. Comparison of broad band olors measured here with those from other
soures. The top panel ompares the (B   R)
T
olors presented here, with those
obtained at the Lowell Observatory. The bottom panel ompares the (B   R)
T
olors with (B   V )
T
olors from RC3. The open symbols are galaxies from the
referene sample, while the losed symbols are Herules luster galaxies.
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Table 4.4. Broadband Photometry of bright Abell 2151 H deteted galaxies
derived from Kitt Peak data.
Galaxy B
T
B
0
T
(B  R)
T
(B  R)
0
T
D 084 16.27 15.96 1.17 0.93
D 042 17.02 16.73 0.91 0.72
BO 102 17.54 17.26 1.43 0.87
D 005 17.42 16.50 1.45 0.96
D 025 16.98 15.96 1.35 0.79
D 122 17.07 15.93 1.29 1.07
PGC 56936 16.39 16.11 1.33 1.11
NGC 6040B |{ |{ 1.42: 0.99:
D 103 16.88 16.60 1.55 1.33
NGC 6040A |{ |{ 1.53: 1.41:
CGCG 108-098 16.07 15.60 1.15 0.87
s1 17.70 17.42 1.41 1.19
D 021 17.25 16.91 1.32 1.11
BO 128 17.81 17.37 1.14 0.92
CGCG 108-108 15.63 15.30 1.15 0.94
D 020 16.63 16.04 1.28 0.94
s2 17.96 17.68 1.46 1.24
D 129 17.16 16.12 1.47 1.25
NGC 6044 15.29 15.01 1.58 1.36
MCG+03-46-085 17.62 16.96 1.20 0.84
D 049 17.16 16.86 1.28 1.10
NGC 6045 15.05 13.89 1.55 0.92
BO 119 17.25 16.78 1.01 0.73
BO 107 17.35 16.76 0.75 0.41
IC 1173 15.60 14.91 1.48 1.09
PGC 57042 16.62 15.49 1.36 0.74
D 061 17.01 16.73 1.66 1.44
BO 076 17.19 16.91 1.41 1.19
IC 1179 |{ |- 1.18: 0.97:
NGC 6050 |{ |- 1.31: 1.09:
UGC 10190 16.89 15.89 1.30 0.75
D 098 16.03 15.14 1.57 1.04
D 090 16.72 15.80 1.45 0.94
D 097 16.52 16.24 1.62 1.40
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Table 4.4.|Continued
Galaxy B
T
B
0
T
(B   R)
T
(B  R)
0
T
NGC 6054 15.87 15.34 1.25 0.90
NGC 6056 14.98 14.70 1.57 1.35
D 079 16.96 16.68 1.10 0.88
s4 17.56 17.28 1.24 1.02
Mk 299 16.51 16.32 0.88 0.76
IC 1182 15.27 14.99 1.53 1.31
IC 1186 15.59 15.02 1.48 1.11
IC 1185 15.16 14.69 1.55 1.13
D 038 17.18 16.92 0.92 0.75
CGCG 108-135 16.20 15.76 1.50 1.18
D 119 17.15 16.87 1.26 1.04
D 018 16.79 16.46 1.07 0.86
CGCG 108-139 15.63 15.03 1.48 0.88
CGCG 108-138 15.58 15.28 1.06 0.89
D 108 16.82 16.18 1.33 1.18
IC 1188A 15.73 15.29 1.55 1.25
BO 129 17.84 17.16 1.28 0.91
D 012 16.09 15.26 1.44 0.94
D 100 16.42 16.21 0.91 0.76
IC 1189 15.37 15.09 1.41 1.19
IC 1193 15.72 15.44 1.83 1.61
IC 1192 16.06 15.22 1.69 1.18
CGCG 108-149 16.25 15.53 1.46 1.16
D 054 17.08 16.17 1.59 1.05
D 089 17.91 17.63 1.38 1.16
IC 1195 15.72 15.33 1.42 1.20
D 036 16.79 16.47 0.73 0.54
CGCG 108-154 15.84 15.49 1.15 0.87
D 045 16.69 15.86 1.37 0.92
D 087 16.96 15.94 1.49 1.27
e1 16.88 16.43 0.97 0.72
PGC 57214 15.94 15.38 1.39 1.03
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Table 4.5. Broadband Photometry of bright Abell 2151 galaxies with no H
detetions derived from Kitt Peak data.
Galaxy B
T
B
0
T
(B   R)
T
(B  R)
0
T
D 069 16.40 16.12 1.59 1.37
PGC 56919 17.22 16.94 1.59 1.37
D 104 16.86 16.58 1.50 1.28
PGC 56945 17.05 16.77 1.74 1.52
NGC 6041A 14.14 13.86 1.65 1.43
NGC 6042 15.01 14.73 1.60 1.38
D 110 16.81 16.53 1.69 1.47
BO 064 16.79 16.13 1.53 1.12
D 051 16.98 16.70 1.70 1.48
PGC 57000 17.46 17.18 1.57 1.35
NGC 6043A 15.38 15.10 1.63 1.41
PGC 57020 16.56 16.28 1.67 1.45
NGC 6047 14.60 14.32 1.65 1.43
PGC 57047 17.61 17.33 1.59 1.37
PGC 57052 17.17 16.89 1.59 1.37
PGC 57055 16.38 16.10 1.62 1.40
PGC 57071 16.16 15.78 1.64 1.41
NGC 6055 14.82 14.54 1.60 1.38
IC 1183 15.22 14.94 1.60 1.38
NGC 6053 15.70 15.42 1.60 1.38
CGCG 108-129 15.72 15.35 1.57 1.31
PGC 57092 16.44 16.16 1.51 1.29
PGC 57106 17.00 16.72 1.54 1.32
PGC 57112 16.90 16.62 1.45 1.23
PGC 57115 17.50 17.22 1.59 1.37
PGC 57119 16.86 16.58 1.62 1.40
PGC 57123 17.39 17.11 1.52 1.30
PGC 57133 17.36 17.08 1.59 1.37
PGC 57143 17.17 16.89 1.70 1.48
D 096 16.58 16.30 1.63 1.41
D 055 16.37 16.09 1.51 1.29
PGC 57162 17.22 16.94 1.76 1.54
IC 1194A 16.31 16.03 1.68 1.46
IC 1194 15.31 15.03 1.74 1.52
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Table 4.5.|Continued
Galaxy B
T
B
0
T
(B  R)
T
(B  R)
0
T
PGC 57183 16.99 16.71 1.52 1.30
PGC 57198 16.47 16.19 1.73 1.51
D 053 16.52 16.24 1.63 1.41
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4.3.2.1 Low Surfae Brightness Galaxies
While the majority of the HI detetions in Dikey's (1997) survey that were
also observed in this work have fairly high surfae brightness, there are eight
systems that seemed to meet the desription of low surfae brightness galaxies
(Bothun, Impey, & MGaugh 1997). In order to failitate omparison of these
galaxies with other low surfae brightness galaxies, basi photometri parameters
for these galaxies were extrated using the same tehniques used by workers who
study low surfae brightness galaxies (O'Neil, Bothun, & Cornell 1997a; O'Neil,
Bothun, Shombert, Cornell, & Impey 1997b).
Surfae brightness proles were derived for the galaxies by tting ellipses to
the surfae brightness distribution of the galaxies as a funtion of radius, where
the elliptiity and position angle were allowed to vary in the t, but not the enter
of the ellipse. The xed position of the enter for eah galaxy was determined
from a entroid of the pixel values around the brightness peak of that galaxy. The
ts were used to determine a best value for the elliptiity and position angle for
the galaxy. Surfae brightness proles were then extrated by xing the ellipse
parameters at the determined best values. An exponential surfae brightness
prole was then t to eah galaxy, in order to derive the entral surfae brightness
and sale length for the galaxy. When expressed in magnitudes/arseond
2
, the
exponential prole redues to
(r) = (0) + (
1:086

)r (4.1)
where (r) is the surfae brightness at radius r, (0) is the entral surfae bright-
ness, and  is the exponential sale length. Six of the eight andidate low surfae
brightness galaxies had suÆient extent for surfae brightness proles to be ob-
tained. The proles for these galaxies are plotted in Figure 4.6, along with the
best t exponential prole in eah ase. For the remaining two galaxies (e-060
and e-224) there is a faint optial objet near the enter of the region of HI
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emission; however, in eah ase the region is ompat and shows no sign of diuse
struture.
Total magnitudes for eah galaxy were determined from integration of the t
surfae brightness proles. Funtionally, this means that the the magnitude was
dedued from the t parameters using
m() = 
B
(0)  2:5 log(2
2
) (4.2)
where 
B
(0) is the entral surfae brightness in the B band in magnitudes/arseond
2
,
and  is the exponential sale length, in arseonds. Inlinations for the galaxies
were determined from the minor to major axis ratios q determined from the ellipse
tting using
i = os
 1
q: (4.3)
Inlination orreted entral surfae brightness were alulated using

B
(0)

= 
B
(0)  2:5 log(os i)): (4.4)
Notie this is only a geometri projetion orretion and does not inlude any
orretion for internal extintion, whih is expeted to be negligible in low surfae
brightness galaxies (O'Neil et al. 1997a). Examination of the derived 
B
(0)
C
values shows that ve of the six galaxies t the denition of low surfae brightness
galaxies, in having entral surfae brightness of 23 mag/arse
2
or fainter (Bothun
et al. 1997).
The radius of the galaxies at the 
B
= 27:0mag=arse
2
isophote (r
27
) was
determined from the exponential t. Colors for the galaxies were extrated using
apertures with a radius of r
27
, entered on the galaxy enter used in the ellipse
tting. For the 2 objets with no obvious spatial extent, the magnitudes and
olors were determined using an aperture of radius approximately 4 arseonds.
The magnitudes and olors for the two ompat objets are also given in Table 4.6.
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Figure 4.6. B band surfae brightness proles of the andidate low surfae bright-
ness galaxies deteted in HI. The straight lines are the best t exponential proles.
Star Formation in Nearby Clusters 109
Table 4.6. Measured properties of the low surfae brightness galaxies.
Galaxy 
B
(0)  (kp) i (
Æ
) r
27
(
00
) m() 
B
(0)

B-R
NE-142 23.59 2.94 46 12.8 18.54 23.99 0.86
MCT 14 23.89 3.75 46 15.0 18.31 24.29 0.77
CE-042 23.48 3.39 37 15.3 18.11 23.72 0.66
CE-048 22.37 1.30 53 7.3 19.07 22.92 0.44
CE-060 22.99 2.52 64 13.0 18.26 23.89 1.07
CE-070 | | { | 21.16 | 0.66
CE-200 22.02 1.92 46 12.3 17.88 22.41 0.86
CE-224 | | { | 21.21 | 2.35
Examination of the olors for the six galaxies with extended struture shows that
they are fairly blue, whih is normal for HI rih low surfae brightness galaxies.
The nature of the two faint, ompat objets assoiated with e-070 and e-224
is unlear. They may simply be faint stars superposed along the line of sight to
the HI louds. Alternatively, they may represent the small portion of otherwise
extremely low surfae brightness galaxies that have high enough surfae brightness
to be deteted. Optial spetrosopy of the objets will be neessary to deide
between these two possibilities.
4.3.3 H Observations
The H images were ontinuum subtrated using the R band frames. The
rst step in ontinuum subtration was to register the two images. Beause the
fous position for the R and narrow band lters was slightly dierent, there is
a slight sale dierene between the on and o band images. To orret for
this, a geometri transformation between the two frames was alulated using
20-25 unsaturated stars ommon to both frames The frames were registered by
applying this geometri transformation to the R band frame. Sky values were
then estimated and subtrated from both frames using several soure free regions
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on the registered frames. After bakground subtration, sale fators between the
two frames were determined using aperture photometry of stars on both frames.
This sale fator was applied to the R frame, whih was then subtrated from
the narrow band frame. Continuum subtration was an iterative proess, whih
proeeded until the determined sale fator was judged to be adequate, using the
stellar residuals in the ontinuum subtrated frames.
H soures were identied by eye on the ontinuum subtrated images. This
tehnique has the disadvantage of being somewhat subjetive in terms of the
threshold at whih an objet is determined to be deteted, but this is more than
made up for by the ability of human eye and mind to spot and disard from
onsideration the many spurious soures present in any suh ontinuum subtrated
image, due to suh things as saturated stars, et.
Two parameters were extrated from the narrow band data, H equivalent
widths (as dened in Chapter 2), and H + [NII℄ uxes. In order to photo-
metrially alibrate the H + [NII℄ data, nightly observations were obtained of
2-3 spetrophotometri standards from the listing of Massey et al. (1988). Flux
alibration was aomplished using the proedure presented in Jaoby, Quigley,
& Afriano (1987). The basi parameters of the narrow band lters used in this
study are given in Table 4.7, and the transmission urves for the lters are plot-
ted in Figure 4.7. The derived H parameters for the deteted galaxies that were
brighter than B
T
= 18:0 are given in Table 4.8. The data for the overlapping
galaxy pairs NGC 6040A+B and IC 1179+NGC 6050 are marked with olons
in Table 4.8 beause of the inevitable ontamination of the quoted values with
emission from the other member of the pair. The uxes are more aeted by this
problem than the equivalent widths; however, the unertainties in both quanti-
ties for these systems are undoubtedly higher than that for the other galaxies for
whih data is presented.
The equivalent widths measured here were examined in two ways for any signs
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Table 4.7. Central wavelength, eetive widths, and peak transmissions for the
Kitt Peak narrow band lters.
Filter number 
enter
(

A) W
eff
(

A) T
peak
1497 6786 79.4 0.650
1498 6832 77.0 0.674
of systemati errors. The rst omparison is with the equivalent widths derived in
Chapter 2 from the Lowell Observatory data, whih are shown plotted versus the
equivalent widths derived from the Kitt Peak data in Figure 4.8 as open diamonds.
The quantities follow a line with slope one, and have the expeted satter around
that line of 10 to 20%. Sine the elds observed from Kitt Peak were overlapped
with one another by 1 to 2 arminutes, this allowed a seond hek on the derived
equivalent widths, by omparing equivalent widths for galaxies that ourred near
the border of two elds. Galaxies for whih measurements were possible on two
dierent frames are also plotted in Figure 4.8 as lled irles, and also follow the
line of slope one with a satter of only 5% around the mean.
Images in both R and ontinuum subtrated H+[NII℄ for the galaxies with
the twenty highestH+[NII℄ uxes are given in Figure 4.9. The image intensities
have been saled for eah image to show the greatest range in detail. Eah image
has been reprodued to the same pixel sale, where a linear sale of one arminute
is indiated at the top of eah page of images. For H
0
= 75km=se=Mp and
q
0
= 0, one arminute orresponds to a physial sale of 43 kp at the distane of
the Herules luster.
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Figure 4.7. Transmission urves for the narrow band lters used during the Kitt
Peak observing run.
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Table 4.8. H measurements for bright galaxies in Abell 2151.
Galaxy EW(H+[NII℄)   log(f(H+ [NII℄))
D 084 40.8 13.10
D 042 31.6 13.60
BO 102 27.2 13.64
D 005 47.4 13.36
D 025 22.3 13.55
D 122 35.9 13.46
PGC 56939 7.4 13.80
NGC 6040B 18.0: 13.20:
D 103 19.9 13.51
NGC 6040A 16.0: 13.12:
CGCG 108-098 30.8 13.13
s1 23.4 13.79
D 021 20.4 13.71
BO 128 20.1 14.05
CGCG 108-108 26.8 13.01
D 020 23.9 13.41
s2 52.8 13.93
D 129 28.0 13.60
NGC 6044 3.2 13.73
mg+03 46 085 52.2 13.51
D 049 13.6 13.87
NGC 6045 20.3 12.72
BO 119 23.8 14.11
BO 107 57.4 13.57
IC 1173 12.0 13.22
PGC 57042 45.3 13.12
D 061 15.0 13.63
BO 076 24.3 13.59
IC 1179 23.6: 13.55:
NGC 6050 24.6: 13.18:
UGC 10190 21.4 13.67
D 098 13.8 13.40
D 090 30.0 13.31
D 097 13.0 13.53
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Table 4.8.|Continued
Galaxy EW(H+[NII℄)   log(f(H+ [NII℄))
NGC 6054 26.4 13.10
NGC 6056 6.0 13.28
D 079 59.8 13.15
s4 22.3 13.83
Mk 299 51.4 13.19
IC 1182 39.4 12.60
IC 1186 8.5 13.36
IC 1185 7.5 13.29
D 038 42.3 13.55
CGCG 108-135 7.0 13.68
D 119 47.3 13.35
D 018 25.6 13.52
CGCG 108-139 14.1 13.16
CGCG 108-138 27.9 13.22
D 108 13.2 13.72
IC 1188A 7.8 13.43
BO 129 53.6 13.59
D 012 15.8 13.31
D 100 29.2 13.39
IC 1189 17.1 13.00
IC1193 8.5 13.27
IC 1192 12.9 13.30
CGCG 108-149 18.6 13.28
D 054 3.3 14.36
D 089 19.0 14.01
IC 1195 17.3 13.13
D 036 26.9 13.71
CGCG 108-154 27.0 13.10
D 045 17.7 13.55
D 087 6.1 14.05
e1 19.4 13.75
PGC 57214 12.8 13.36
Star Formation in Nearby Clusters 115
0 10 20 30 40 50 60
EW (Lowell)
0
10
20
30
40
50
60
EW
 (K
itt 
Pe
ak
)
Figure 4.8. Comparison of equivalent widths from dierent soures.
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IC 1182
NGC 6045
IC 1189
CGCG 108−108
CGCG 108−154
D 084
1 Arcminute
Figure 4.9. R band (left) and H + [NII℄ (right) images of the 20 Herules
galaxies with the highest H+ [NII℄ uxes.
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Figure 4.9. |Continued.
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Figure 4.9. |Continued.
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4.4 Photometri Results
The broadband, H, and morphologial properties for the dierent subsamples
of galaxies are examined in this setion, primarily to searh for galaxies that have
either an exess or deit of H emission. The basi properties of the HI deteted
galaxies are also briey disussed.
4.4.1 The H Bright Galaxies
The H equivalent width is plotted against the broadband olor in Figure 4.10,
and against morphologial type in Figure 4.11. The open diamonds are galax-
ies from the eld referene sample, as disussed in setion 3.4, while the lled
irles are the Herules luster galaxies. Examination of Figure 4.10 reveals two
notable points. First, the majority of H emitting galaxies in Herules follow the
relation for normal eld galaxies, suggesting that they are normal, star forming
systems. Seond, although the majority of galaxies on this plot are normal star
forming galaxies, there is a population of galaxies with exess H emission for
their olors. Examination of Figure 4.11 shows several early type systems with
exeptional H emission for their type. On the other hand, the later type spirals
show distributions that are onsistent with their eld ounterparts.
There are two galaxies in the luster sample with exeptionally blue olors,
fully 0.2 magnitudes bluer than the bluest galaxies in the eld sample, whih are
apparent in Figure 4.10. Both galaxies are late type spirals; BO 107 and D 036.
BO 107 is highly inlined to the line of sight, and thus aording to the reipe of
RC3 for internal extintion orretion required a fairly substantial orretion to
its (B R)
T
olor. If this galaxy ontained signiantly less dust than assumed by
the RC3 inlination orretion, it would require a less severe orretion, making
its olor more onsistent with the bluest eld galaxies. On the other hand, the
H equivalent width of this galaxy is very high, so the observed olor may well be
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Figure 4.10. Comparison of broadband olor and H + [NII℄ equivalent width
for the galaxies brighter than B
T
= 18:0 in the Herules luster.
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Figure 4.11. Comparison of Hubble type and H + [NII℄ equivalent width for
the galaxies brighter than B
T
= 18:0 in the Herules luster.
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orret. The orretion due to internal extintion in D 036 is only 0.11 magnitudes,
suggesting it truly represents an exeptionally blue system.
In order to examine the dependene of the luster galaxies H emission on
both olor and morphologial type simultaneously, the parameters r
phot
and r
morp
(as dened in subsetion 3.4.1) were again alulated, and are plotted against one
another in Figure 4.12, using the same symbols as in the previous plots. Galaxies
for whih a reliable morphologial type was not assignable (those with types S
and G) where assigned r
morp
values of zero, and so their data points appear along
the r
phot
axis in Figure 4.12. To examine the distribution of galaxies of dierent
morphologial type in the r
phot
-r
morp
plane, separate versions of Figure 4.12 were
plotted in Figure 4.13 for early type (Sa and earlier) and late type galaxies (Sab
and later).
Examination of Figure 4.13 shows that most of the H deteted early type
galaxies have an exess of H emission. A two dimensional Kolmogorov-Smirnov
test shows that the distribution of Herules luster and eld galaxies would be
drawn from the same parent population only one time in one thousand. In on-
trast, the diagram for the late type galaxies shows that as a population, the late
type Herules luster galaxies are indistinguishable from similar eld galaxies, hav-
ing neither a population of H exess or H deient systems. This is a strong
onrmation of the results found in Chapter 3, that unrelaxed lusters suh as
the Herules luster have spiral galaxies that are normal when ompared to eld
galaxies, but do possess a population of early type galaxies with signiant H
exesses.
4.4.2 The H Exess Galaxies
Basi data for all the galaxies that meet the denition of having an H exess
of r
phot
or r
morp
> 2:0 for Sab and later type galaxies, and of r
phot
> 4:0 or r
morp
>
10:0 for types Sa and earlier, are given in Table 4.9. The absolute magnitudes have
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Figure 4.12. The distribution of r
phot
versus r
morp
for the Herules luster galaxies.
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Figure 4.13. The distribution of r
phot
versus r
morp
for the early type (upper panel),
and late type (lower panel) Herules luster galaxies.
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been alulated from B
0
T
, assuming H
0
= 75km=se=Mp and q
0
= 0, and a mean
redshift for the Herules luster of z = 0:370. As in Chapter 3, the H + [NII℄
equivalent width and the logarithm of the H + [NII℄ luminosity are tabulated,
sine the equivalent width gives a measure of the star formation rate per unit mass
in the galaxy, while the luminosity gives a measure of the global star formation
rate. The number ofM

S galaxies needed to produe the equivalent H+[NII℄
luminosity has been alulated, and is given in the nal olumn of the table. The
values for NGC 6040B and IC 1182 should be treated as upper limits on the star
formation rates in these systems, sine both of them have signs of ontaining AGN
that ontribute signiantly to their H emission.
Examination of theH parameters for the early type H exess systems shows
that they have equivalent widths omparable to normal S galaxies, suggesting
that they are forming stars at the same rate as an S galaxy of similar mass. The
H + [NII℄ luminosities of these systems shows that their global star formation
is modest, roughly 10-50% of that of a large S galaxy. This means that while
these galaxies have signiantly high star formation rates for their types, they are
ontributing only a minor fration of the total star formation in the luster.
4.4.3 The Color-Magnitude Diagram
Sandage & Visvanathan (1978) pointed out that the small intrinsi satter of
the olors of early type galaxies around the olor-magnitude relation onstrains
the formation and evolution of early type galaxies. The low satter of the olor-
magnitude relations of E and S0 galaxies in the Virgo and Coma lusters suggests
that these galaxies evolved in a synhronized fashion (Bower, Luey, & Ellis 1992).
Indeed, Buther & Oemler (1984) used the fration of galaxies 0.2 magnitudes
bluer than the early type galaxy olor-magnitude relation to rst show that there
was evolution of the luster galaxy population as a funtion of redshift. More
reently, Van Dokkum, Franx, Kelson, Illingworth, Fisher, & Fabriant (1998)
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Table 4.9. Basi data for the H exess galaxies in the Herules luster.
Galaxy Hubble r
phot
r
morp
M
B
EW log(L
H+[NII℄
) # S's
Type

A ergs=se
D 084 Sa(pe) 1.38 34.00  20.13 40.8 41.32 1.10
NGC 6040B S0(pe) 17.0 14.17 || 17.0 41.22 0.79
D 103 S0a 4.88 16.58  19.49 19.9 40.91 0.43
s1 S0 2.00 19.50  18.67 23.4 40.63 0.22
s2 S0 5.99 44.00  18.41 52.8 40.49 0.16
D 129 S 3.39 |-  19.97 28.0 40.82 0.35
BO 107 S 0.72 2.06  19.33 57.4 40.85 0.37
D 061 S0 15.00 12.50  19.36 15.0 40.79 0.32
BO 076 S0a 2.08 20.25  19.18 24.3 40.83 0.35
D 097 S0a 13.00 10.83  19.85 13.0 40.89 0.41
NGC 6054 SABb 0.83 2.28  20.75 26.4 41.32 1.10
D 079 E 1.79 49.83  19.41 59.8 41.27 0.98
s4 S0 0.98 18.58  18.81 22.3 40.59 0.20
IC 1182 S0(pe) 7.76 32.83  21.10 39.4 41.82 3.47
D 119 S0 2.21 39.42  19.41 47.3 41.07 0.62
IC 1189 SB0a 1.46 14.25  21.00 17.1 41.42 1.38
IC 1193 SAB0 8.50 7.08  20.65 8.5 41.15 0.74
D 089 E 1.41 15.83  18.46 19.0 40.41 0.13
CGCG 108-154 Sb 0.79 2.33  20.60 27.0 41.32 1.10
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have used the satter in the olor-magnitude relation in a luster at z = 0:33 to
argue for the evolution of luster S0 galaxies at higher redshift.
Inspired by these works, a olor magnitude diagram for the Herules luster
was onstruted, and is plotted in Figure 4.14. The H detetions are plotted as
open diamonds, and the H non-detetions are plotted as lled irles. The early
type galaxy olor-magnitude relation was derived in two ways from the data. First
a straight line was t to the H non-detetions, and is plotted on Figure 4.14 as a
solid line. The dashed line on the plot orresponds to the Buther & Oemler (1984)
seletion riteria for blue galaxies using the H non-detetions t to haraterize
the early type galaxy ridge-line. The best t relation for the H non-detetions
was found to be
(B   R)
T
= 1:7998  0:01146B
T
(4.5)
with a satter of  = 0:078 around the t.
The most ommon pratie in deriving the olor magnitude relation for early
type galaxies is to selet galaxies morphologially (typially all E and S0 galaxies
for example), and use these galaxies to derive the olor magnitude relation, with
the aveat that all galaxies that are \too blue" are not inluded in the tting
proess. Following this pratie, the olor magnitude relation for Abell 2151 was
also derived using all the E and S0 galaxies for whih photometry is presented in
this hapter. The four bluest galaxies were exluded from the t, resulting in the
relation
(B   R)
T
= 1:7131  0:006127B
T
(4.6)
with a satter (among the points used in the t only) of  = 0:087. The olor-
magnitude diagram is re-plotted in Figure 4.15 with the spiral galaxies plotted
as open diamonds, and the elliptial and S0 galaxies plotted as lled irles. The
t olor-magnitude relation is over-plotted as a solid line, and the dashed line is
again the Buther & Oemler (1984) riteria for a galaxy to be onsidered to be
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Figure 4.14. Color magnitude relation for Herules luster galaxies.
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blue. Although the oeÆients to this t seem signiantly dierent than those
found for the H non-detetions, examination of Figure 4.15 where the t derived
using the H non-detetions is over-plotted as a dot-dashed line show that over
the range of magnitudes onsidered here, the dierene is negligible.
It is worthwhile at this point noting a few of the advantages of using an H
survey over just broadband photometri data to study the history of star formation
in galaxy lusters. The rst is evident when examining Figure 4.14; estimation
of the number of urrently star forming galaxies is muh more aurate using the
H data. This is beause a star forming galaxy may appear red due to internal
dust absorption, but will normally still have detetable H emission (notie all
of the H detetions red-ward of the Buther & Oemler [1984℄ blue galaxy line).
The H data is also useful for analyzing galaxies with no urrent star formation,
beause these systems are easily identied by their lak of H emission. This is
evidened by the fat that the olor-magnitude ridge-line is reovered using the
H non-detetions, without the neessity of exluding any galaxies.
The main purpose of studying the H non-detetions is to searh for any signs
of reent star-bursts or trunated star formation in these galaxies. With this
in mind, there are two points to be taken from the olor-magnitude diagram in
Figure 4.14. The rst is that there are no galaxies that are blue aording to
the denition of Buther & Oemler (1984) that were not also deteted in H.
The seond is that there is relatively low satter in the olor magnitude relation
of the H non-detetions, omparable to what Sandage & Visvanathan (1978)
found in their study of nearby early type galaxies. This suggests that there is
not a signiant population of post starburst galaxies or galaxies with reently
trunated star formation in the Herules luster.
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Figure 4.15. Color magnitude relation for Herules luster galaxies, where the
galaxies have now been segregated by morphologial type.
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4.4.4 H Deit Galaxies
The analysis of the H deteted galaxies on the r
phot
-r
morp
diagram indiates
that there is not an over abundane of H deient galaxies in the Herules
luster, when ompared to the eld sample. In fat, only one H deteted galaxy
shows a signiant deieny of H emission, D 054. The analysis of the H non-
detetions via the olor magnitude diagram shows that none of those galaxies have
olors blue enough to indiate that they have had their star formation reently
trunated. Therefore, out of the 103 galaxies onsidered, only one seems to have
suered a reent diminution in its star formation. This is a dramati onrmation
of the result found in Chapter 3, that dynamially un-relaxed lusters suh as
the Herules luster have relatively few galaxies with trunated star formation,
while lusters that are more relaxed have signiant populations of H deient
galaxies. In the Herules luster there is no evidene of a atastrophi trunation
in the star formation in the luster galaxies.
4.4.5 HI Detetions: Basi Properties
In this setion, the properties of the HI deteted galaxies are briey onsid-
ered. The most relevant omparison of the HI properties of low and high surfae
brightness galaxies to date was presented by De Blok, MGaugh, & Van Der
Hulst (1996). They nd that at a given absolute magnitude, low surfae bright-
ness galaxies have signiantly higher HI masses than galaxies of higher surfae
brightness. In order to examine this relationship for the Herules luster galaxies,
two diagrams have been plotted, both of whih are presented in Figure 4.16.
The upper plot is simply a plot of absolute blue magnitude against the loga-
rithm of the HI mass. The low surfae brightness galaxies have been plotted as
open diamonds, while the higher surfae brightness galaxies have been plotted as
lled irles. Two lines are over-plotted on this diagram. The solid line is the t
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Figure 4.16. The upper panel plots absolute blue magnitude against the galaxies
HI mass. The bottom panel shows a plot of entral surfae brightness versus the
HI mass to blue luminosity ratio of the galaxy.
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by De Blok et al. (1996) to the relation for their low surfae brightness galaxies.
The dashed line is also from a t by De Blok et al. (1996), but this time to the
eld sample of higher surfae brightness galaxies presented by De Jong (1995).
The HI deteted galaxies appear to be well represented by the relations found for
galaxies of similar surfae brightness by De Blok et al. (1996).
The bottom panel of Figure 4.16 is a plot of the HI mass to blue luminosity
ratio versus the inlination orreted entral surfae brightness for the Herules
luster galaxies, where all galaxies are now plotted with the same plotting sym-
bol. In order to determine the entral surfae brightnesses for the higher surfae
brightness galaxies, radial proles were extrated for these galaxies using the ori-
entation parameters derived for use in orreting the total magnitudes and olors
for internal extintion. Points in the outer part of the surfae brightness proles
were seleted and an exponential t was performed using these points. Seleting
points in the outer parts of the disk avoids ontaminating the ts with the bulges
of spirals, or in the ase of nearly edge on systems, the eets of seeing in the inner
parts of the disk. Using these ts, the entral surfae brightnesses were orreted
for inlination in the same way as for the low surfae brightness galaxies. The
solid line on the plot is a t to the galaxies presented here, while the dashed line
is a plot of a the relation t by De Blok et al. (1996). Again it appears that the
trends seen in the Herules luster HI galaxies are similar to those seen in eld
galaxies.
The result that the HI properties of the galaxies in the Herules luster are the
same as a sample of eld galaxies seems to suggest that as a whole, these galaxies
are not suering any gross redution in their HI ontent, as galaxies in some other
lusters have (Giovanelli & Haynes 1985; Cayatte, Kotanyi, Balkowski, & Van
Gorkom 1994). This may not mean that the environment in the Herules luster
is having no eet on the HI ontent of its galaxies, sine Dikey (1997) notes
that there are no HI deteted galaxies in the viinity of the brightest x-ray peak
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in the luster. This may imply that initially HI rih galaxies are stripped of their
HI in this region of the luster. If this is true, the HI deteted galaxies represent a
population that have not yet enountered the harsher regions of the luster, and
so thus far have been able to retain their HI.
4.5 The Spatial Distribution of Galaxies
One of the purposes of onduting this survey was to look for any onnetion
between the H emission properties of luster galaxies, and their membership in
dierent substrutures in the luster. In this setion, this question is onsidered by
omparing three dierent populations: the set of all bright, H emitting galaxies,
the set of bona-de luster members that show no H emission, and the subset
of H emission galaxies that show an exess of H emission for their olor or
morphologial type. A plot of the positions of the H emitting galaxies is shown
overlaid on the PSPC x-ray ontours in Figure 4.17, of the H non-detetions in
Figure 4.18, and of the sample of H exess galaxies in Figure 4.19. Finally, a plot
showing the positions of all the galaxies in the H deteted sample brighter than
B
T
= 18:0, overlaid with ontours of the x-ray emission is given in Figure 4.20.
The H emitters have been weighted by their H ux, and then the H map
has been smoothed with a Gaussian with  = 1
0
, in order to enhane the view-
ability of the image. The qualitative impressions gained from examining these
various maps are rst disussed, followed by an attempt to statistially evaluate
the signiane of any pereived features in the maps.
4.5.1 Qualitative Impressions
Examination of Figures 4.17, 4.18, and 4.20 shows that only two of the 66 H
detetions lie within the area of the main x-ray peak of the luster, while there
are at least 6 H non-detetions that ould reasonably be identied with the
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Figure 4.17. Positions of all galaxies with normal H emission over-plotted on
the x-ray ontours.
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Figure 4.18. Positions of all H non-detetions over-plotted on the x-ray ontours.
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Figure 4.19. Positions of galaxies with exess H emission over-plotted on the
x-ray ontours.
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Figure 4.20. The H ux from the luster galaxies, shown in gray-sale, overlaid
with ontours of the x-ray emission. Both have been smoothed with a Gaussian
with  = 1
0
. The area of the luster depited is the same as that in the previous
three plots.
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main x-ray peak. There is also a tendeny for the H non-detetions to avoid the
southern areas of the luster, although this may simply be due to a bias against
measuring the redshifts of galaxies in this part of the luster. Otherwise, both
the H emitters and non-emitters seem to our in all other parts of the luster
with roughly the same frequeny. The avoidane of the main x-ray peak by the
H emitters may simply be a onsequene of the morphology-density relation
(Gisler 1980; Dressler 1980a) where late type spirals, whih are typially bright
H emitters, avoid high density regions, while early type galaxies that typially
have little H emission preferentially inhabit high density regions. A similar
eet has been noted by Dikey (1997) in his HI survey, where there are no HI
detetions in the area of the brightest x-ray peak, although there are many other
HI detetions throughout the luster.
Figure 4.19 shows that the H exess galaxies seem to be spread throughout
the luster, similar to the H galaxies that show no enhanement. This is some-
what surprising if the early type H galaxies represent the star formation burst
phase of the HÆ strong galaxies in the Coma luster, sine Caldwell et al. (1993)
nd that these systems our preferentially in a substruture on the outskirts of
the main luster.
4.5.2 Statistial Analysis
In order to determine if there are any statistially signiant dierenes be-
tween the distributions of H emitting and non-emitting galaxies, or between the
H normal and exess galaxies, a two dimensional Kolmogorov-Smirnov test was
again employed. The test suggests that there is a 15% hane that the distribution
of H emitting and non-emitting galaxies are drawn from the same distribution,
and thus that the pereived segregation is not statistially signiant. The test
also suggests that the distribution of H exess and normal galaxies would be
drawn from the same parent population 88% of the time, and thus that there is
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no evidene for a spatial segregation of the H exess galaxies from galaxies with
normal H emission.
There are three possible ways to reonile the observed spatial segregation of
the HÆ strong galaxies in the Coma luster, and the lak of spatial segregation
in the early type H exess galaxies in the Herules luster, whih seem to be
ideal andidates for galaxies that will beome HÆ strong galaxies in 1-2 Gyr. The
rst is that the H exess galaxies in Herules are not related to the HÆ strong
galaxies, but are instead an unrelated phenomenon. The early type morphologies
of both populations, along with the similar distribution of urrent star formation
in the H exess systems (whih is disussed in the next hapter), and past star
formation in the HÆ strong galaxies suggests that the two populations are related.
A seond possibility is that the observed orrelation of the HÆ strong galaxies with
the substruture in the Coma luster is the result of a statistial utuation. Only
observations of several other lusters will be able to deide if this is the ase or
not. Finally, it may be that the Herules luster is so dominated by substruture
that most of the galaxies are assoiated with some sort of substruture. The
identiation of no less than ve distint omponents to the luster (Bird et al.
1995; Huang & Sarazin 1996) makes this possibility diÆult to disount, but
equally diÆult to demonstrate.
4.6 Summary
A spatially omplete H and broadband survey of the Herules luster has
been presented. Approximately 80 H soures have been deteted in the luster.
Analysis of the H detetions brighter than B
T
= 18:0 shows that the majority
of the H detetions are normal, star forming galaxies. About 25% of the H
detetions show a signiant exess of emission over what would be expeted for
galaxies of their olor or morphologial type. Additionally, the H exess galaxies
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are almost exlusively early type galaxies (type Sa and earlier). These systems
have H equivalent widths typial of normal S galaxies, suggesting that these
systems are undergoing signiant amounts of star formation, although nowhere
near the level of that exhibited in extreme star bursting systems. There is no
evidene in the luster for galaxies with reently trunated star formation. The
ombination of the large population of normal star forming galaxies, modestly
enhaned star formation in some early type galaxies, and lak of galaxies with
reently trunated star formation suggest that whatever mehanism is operating
is subtle in its manifestations, and does not lead to atastrophi, wholesale hanges
in the properties of luster galaxies.
Basi photometri data has also been presented for galaxies that were deteted
in the HI survey of Dikey (1997). A preliminary analysis of the HI properties of
the high and low surfae brightness galaxies deteted in the luster in HI ompared
to eld samples of similar galaxies shows no gross systemati dierenes between
the HI ontents of galaxies in dierent environments. This does not neessarily
mean that galaxies in Herules are not suering losses of HI due to the luster
environment. Dikey (1997) notes that there are no HI detetions in the area
of the luster orresponding to the main x-ray peak in the luster, suggesting
that galaxies that enter that region of the luster may quikly suer HI ablation.
In addition, Dikey (1997) notes several examples of galaxies whose individual
HI distributions seem peuliar, suggesting that they are urrently undergoing
environmental alteration of their HI ontent.
Analysis of the spatial distribution of galaxies with dierent H emission
properties within the luster suggests that there is no signiant dierene in
the distribution of the H normal, exess, or non-emitting galaxies. This means
either that any environmental mehanism that aets the rate of star formation in
Herules luster galaxies works on a luster wide sale and does not restrit itself
to the subluster environment, or that the high inidene of substruture in the
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Herules luster is masking the assoiation of H exess galaxies with subluster
membership.
While the results presented in this hapter show that the Herules luster
ontains a signiant population of early type galaxies with an H exess, it has
not addressed the question of how the H exess arises in these galaxies. The
following hapters present an analysis of the spatial distribution of H emission
in Herules luster galaxies, as well as an in depth examination of the properties
of the H exess galaxies. These results will be used to attempt to assess the
most likely soure of the exess H emission in these systems.
5 The Distribution of Star
Formation in Herules Cluster
Galaxies
Until this point in this dissertation, the searh for the eet of the luster en-
vironment on luster galaxies has been onduted using only the global properties
of the galaxies. While this produes valuable information regarding whether or
not a galaxy is suering an interation with the luster environment, it does have
limitations. The rst is that while relatively dramati environmental interations
may be reeted in the global properties of a galaxy, less dramati interations
may produe more subtle manifestations in a galaxy that may not be reeted
in its global properties. The seond is that by themselves, global properties of
galaxies are insuÆient to diagnose the exat nature of the interation that a
galaxy is suering. For these reasons, this hapter presents an examination for
Herules luster galaxies of the relationship between their H surfae brightness,
whih is diretly related to the rate of urrent massive star formation, and their
R band surfae brightness, whih reets the emission of long-lived stars on the
lower main sequene, and thus the history of star formation.
Studies of interating galaxies that have enhaned star formation (Bushouse
1987; Kenniutt et al. 1987) show that the star formation is preferentially en-
haned in the enter of many (but not all) of these galaxies. These results suggest
that the inow of gas triggered by the interation leads to enhaned entral star
formation. It also suggests that a entral enhanement in H emission may be
indiative of reent tidal interations in a galaxy.
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In a reent study of the H and R band surfae brightness distributions of a
sample of Virgo luster disk galaxies, Koopmann (1997) nds 10% of the galaxies
she studied have trunated H disks. In a VLA study of bright Virgo luster
spirals, Cayatte, Kotanyi, Balkowski, & Van Gorkom (1994) had earlier found
evidene for trunated HI disks. These two results suggest that ram pressure due
to the intra-luster medium in the luster has removed the outer gas disks from
these galaxies, reduing their ability to form stars in their outer parts.
In order to dene the expeted relationship between the H and R band
surfae brightness, the study of a set of eld galaxies of types S0a-Sdm presented
by Ryder & Dopita (1994) will be utilized. Ryder & Dopita (1994) nd that there
is a linear orrelation between the I band surfae brightness and the logarithm of
the H surfae brightness for their galaxies, onsidered as an ensemble. Although
Ryder & Dopita (1993) nd a single slope haraterizes the relation for their
galaxies as a group, they nd onsiderable osets in the interept of the relation
for dierent galaxies. They show that these osets are a funtion of Hubble
subtype, suh that early type spirals have lower H surfae brightnesses than
later type spirals, onsistent with the overall lower rates of massive star formation
in these systems. They further demonstrate that this trend is probably due to
lower gas surfae densities in the early type galaxies.
5.1 Star Formation Models
The major purpose of Ryder & Dopita's (1994) survey was to attempt to
onstrain the dependene of the loal rate of star formation on other physial
properties of the galaxy, suh as gas ontent, mass surfae density, or disk kine-
matis. The most ommon parameterization for the star formation rate d

=dt is
the Shmidt law (Shmidt 1959), whih parameterizes the star formation rate as
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some power of the loal gas surfae density 
g
, that is
d

dt
 
n
g
: (5.1)
Another model that has been onsidered by several people (Wyse 1986; Wyse &
Silk 1989; Silk 1997; Elmegreen 1997) is one where the star formation rate depends
on both the gas surfae density and the loal orbital frequeny, 
, as
d

dt
 
g

: (5.2)
Quirk (1972) suggested that star formation might be mediated by the loal sta-
bility of the gas in a galaxy's disk, suh that star formation would only our in
regions of a galaxy where the gas was unstable to ollapse, and be essentially zero
where the gas was stable.
Kenniutt (1989) presented an observational study of the dependene of mas-
sive star formation, as measured by H emission, on the loal gas surfae density,
measured by the HI and CO emission. He nds that in the inner parts of late type
spirals, where the gas is unstable to ollapse, the dependene of the star formation
rate on the gas surfae density is well represented by a Shmidt law with n  1:3.
He also nds a sharp trunation in the radius at whih star formation ours in
these galaxies This radius orresponds well to the radius at whih the gas goes
from being unstable, to being stable. This suggests that the loal stability of the
gas does indeed mediate the formation of stars.
Dopita & Ryder (1994) onsider models for the observed orrelation between
H and I band surfae brightness in Ryder & Dopita (1994) where the star for-
mation rate depends on powers of both the gas surfae density and total mass
surfae density 
T
d

dt
 
n
g

m
T
(5.3)
whih they suggest may be onsidered formally equivalent to equation 5.2. In their
models, Dopita & Ryder (1994) allow for the loss of gas due to star formation, as
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well as replenishment from in-fall from the galaxy's halo and due to stellar mass
loss, but do not allow for any radial ow of gas in the galaxy's disk. Dopita &
Ryder (1994) run models for 13 Gyr using dierent values of m and n, and a range
of mass and gas densities that span the range observed in galaxies. The results
of these models are then ompared to the dependene of I band on H surfae
brightness observed by Ryder & Dopita (1994). From these omparisons, Dopita
& Ryder (1994) derive onstraints on the exponents of the surfae densities of
1:5 < (n +m) < 2:5 with m 6= 0, suggesting that a Shmidt law is inadequate to
fully explain the observed orrelation.
5.2 Comparison Sample
Ryder & Dopita (1994) present H, V, and I band surfae photometry of 34
eld galaxies, whih they use to demonstrate a tight orrelation between the az-
imuthally averaged surfae brightness at a given radius in H and the broadband
lters. In order to diretly ompare the data olleted for the Herules luster
with the eld galaxies of Ryder & Dopita (1994), two onditions must be met.
The rst is that the Herules data must be redued in the same manner as that
used by Ryder & Dopita (1994). The seond is that, beause of dierenes in
the observing bands used by Ryder & Dopita (1994) and this study, appropriate
onversions between the dierent data sets must be derived. To this end, the
methods used by Ryder & Dopita (1994) are disussed in the following setions,
along with the methods used to onvert the data onto a ommon system.
5.2.1 Surfae Brightness Extration
Ryder & Dopita (1994) began their analysis with the broadband data. They
rst t ellipses to the surfae brightness distributions of the galaxies as a funtion
of radius. Initially, the elliptiity and position angle of the ellipse (but not the
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enter) were allowed to vary at eah radius. The best t values in the outer
parts of the galaxy were then used to determine the orientation parameters of
the galaxy's disk. The elliptiity and position angle where then xed at these
values, and a radial prole was extrated for the V, I, and ontinuum subtrated
H images. These proles were then orreted for two eets. The rst was
simply to deprojet the galaxy's surfae brightness to produe fae on surfae
brightness proles, by subtrating a geometrial fator of 2:5 log(os(i)), where i
is the inlination of the galaxy's disk. Disk inlinations were derived using the
minor to major axis ratios q found by the ellipse tting, and treating the disk as
an oblate spheroid with intrinsi axis ratio q
o
= 0:2 using
os
2
i =
q
2
  q
2
o
1  q
2
o
: (5.4)
(Hubble 1926). The seond orretion Ryder & Dopita (1994) apply is to inrease
the H surfae brightness of eah galaxy by a fator of 2.75 in order to orret
for dust extintion within the HII regions of the galaxy being observed.
5.2.2 Broadband Data
In order to onvert the V and I data presented by Ryder & Dopita (1994)
to the R band in whih the Herules luster galaxies were observed, the survey
of global V, R, and I galaxy photometry presented by Buta & Williams (1995)
was employed. Fitting a relation between the R photometry and the V and I
photometry for the galaxies in Buta & Williams (1995) yields the relation
R =  0:03 + 0:466I + 0:534V: (5.5)
This relation was used to produe an R band radial prole from the V and I
surfae brightness proles for eah of the galaxies in Ryder & Dopita (1994).
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5.2.3 H Data
Unlike the narrow band lters used to study the galaxies in the Herules lus-
ter, whih were broad enough to pass both the H line and the [NII℄ lines at
6548; 6584

A, Ryder & Dopita (1994) used lters that isolated just the H line.
This means that a orretion must be applied to take into aount the dierene
in ux due to the dierent lines inluded in their band pass. Fortunately, the ux
ratio between the H line and those of [NII℄ are lose to onstant in the disks
of galaxies, so that only a single fator is required to orret the data from one
survey to the system of the other. The data from Ryder & Dopita (1994) was
thus inreased by a fator of 1.5 to take into aount the lak of the [NII℄ lines
in their band pass. The other orretion neessary was due to the orretion of a
fator of 2.75 made by Ryder & Dopita (1994) to aount for extintion due to
dust within the HII regions of the galaxies being observed. Although the Herules
data ould also be orreted for this eet, it was instead deided to remove this
orretion from the Ryder & Dopita (1994) data, sine what was being sought
was to study the empirial relation between surfae brightnesses, and not to de-
rive star formation rates via the H luminosity. The ombination of these two
orretions means that the H surfae brightnesses presented in Ryder & Dopita
(1994) were redued by a fator of 0.545 for omparison with the Herules luster
galaxies.
5.2.4 Results for Field Galaxies
Plots of the onverted R band versus H surfae brightnesses for the Ryder
& Dopita (1994) galaxies are presented in Figure 5.1. The plots are segregated
by morphologial type, in order to aount for the interept shifts as a funtion
of morphologial type noted by Ryder & Dopita (1994). The line on eah plot
is the best t to the relation for all the galaxies of that type, onned to surfae
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brightnesses fainter than 
R
= 21:0mag=arse
2
, in order to avoid the inner parts
of the galaxies where the satter in the relation is higher. In aordane with
the ndings of Ryder & Dopita (1994), the slope of the t for galaxies in eah
morphologial bin is found to be essentially idential, although with dierent
interepts.
Fits to the relation for eah individual galaxy shows that there is a moderate
satter around the slopes found by tting the galaxies as an ensemble of  = 0:164,
again in aordane with the nding of Ryder & Dopita (1994). The distribution
of slopes in the Ryder & Dopita (1994) sample will be used in a omparison of
those derived for the Herules luster galaxies.
5.3 Cluster Galaxies
Radial proles for the luster galaxies in R and ontinuum subtrated H +
[NII℄ were extrated in the same manner as those presented in Ryder & Dopita
(1994). Fits to the R band data were used to determine the disk orientation
parameters, whih were then used to extrat the R and H proles. The galaxies
were orreted for the geometri eets of inlination using equation 5.4. Plots
of the relation between surfae brightness in eah band at a given radius for eah
galaxy that had at least ve points with detetable H emission are given in
Figure 5.2. On eah plot, the line indiates the t to the Ryder & Dopita (1994)
galaxies of the same morphologial type as the luster galaxy.
A linear t was made to the relation between R band andH surfae brightness
for eah galaxy, subjet to the following restritions. First, only points with

R
 21:0mag=arse
2
were inluded in the t, as was done when tting the Ryder
& Dopita (1994) galaxies. This meant that several galaxies that had entrally
ondensed emission were not t, as they laked suÆient points in the required
surfae brightness range. These galaxies are tabulated in Table 5.1, along with
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Figure 5.1. Plots of R band versus H surfae brightness for galaxies of dierent
morphologial types in the eld sample of Ryder & Dopita (1994).
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Figure 5.1. |Continued.
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Figure 5.2. Plots of R band versus H surfae brightness for galaxies of dierent
morphologial types for the Herules luster galaxies.
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Figure 5.2. |Continued.
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Figure 5.2. |Continued.
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Figure 5.2. |Continued.
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Figure 5.2. |Continued.
Table 5.1. Galaxies with entrally ondensed H emission.
Galaxy H exess? log(f
enter
(H+ [NII℄)
ergs s
 1
m
 2
ase
 2
BO 128 no  15:64
D 089 yes  15:24
s2 yes  14:72
D 038 no  15:61
D 061 yes  14:66
a notation as to whether they are an H exess galaxy, and the H surfae
brightness measured in their innermost ellipse. In the ases where galaxies were
highly inlined, the several innermost ellipses were aeted by seeing. In these
ases, only points that were learly unontaminated by seeing eets were used
in the ts. Examination of the surfae brightness plots in Figure 5.2 shows that
in some ases, the outermost point or two is signiantly below the trend of the
other points. This is due to the rather generous riteria used to selet points to
be plotted. These outer points were not used in the ts. Finally, several Herules
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luster galaxies were overlapping with other galaxies (NGC 6050 + IC 1179 and
NGC 6040 A+B), or had bright superposed stars (IC 1185) and thus were not t
due to the diÆulty of leanly separating the galaxy's emission from that of the
ontaminating objet.
Histograms of the individually t slopes for the Herules luster and Ryder &
Dopita (1994) galaxies are given in Figure 5.3. Examination of the histograms
show that the general features seen in the eld galaxy's histogram are reprodued
by the Herules luster galaxies, notably the peak around slopes in the range 0.25
to  0.30, as well as a tail toward steeper (more negative) slopes. There are also
dierenes, notably somewhat fewer galaxies with shallow slopes, and signiantly
more with steep slopes in the Herules luster galaxies. A Kolmogorov-Smirnov
test indiates that there is only a 3% hane that the two distributions were drawn
from the same parent distribution.
The immediate question is whether this dierene in the distributions is real, or
simply a result of dierenes in the way the data for the two samples was treated,
or possibly due to some error in the redution of the data for the Herules luster
galaxies. The rst possibility seems unlikely, sine some are was taken to plae
the data on a ommon photometri system, and to extrat the data from the
Herules luster galaxies in the same way as that for the eld galaxies, as well as
to t the surfae brightness relation for the galaxies in a onsistent manner.
The most likely redution error that ould give rise to systematially inorret
slopes is an error in the saling of the ontinuum image used for ontinuum sub-
trating the H images. To produe slopes that are too steep would require an
oversubtration of the ontinuum image. In order to assess how signiant this
eet might be, the ontinuum subtration proess was modeled for a range H
equivalent widths. This modeling suggests that in order to produe slopes that are
steep by 0.1, the ontinuum level would have to be overestimated by at least 50%.
Experiene with the ontinuum subtration proess shows that a mis-estimation
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Figure 5.3. Histograms of the distributions of slopes for the dierent samples.
The upper panel is for all Herules luster galaxies with measurable slopes, and
the lower panel is for the galaxies in the sample of Ryder & Dopita (1994).
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of the ontinuum saling fator of even 5% leads to unaeptably large residuals
for objets that have no H emission, suh as stars or non-emitting galaxies. This
suggests that any error in the sale fator is no more that 5%, even in a worst
ase senario.
Another possible error related to the ontinuum level is the use of the R band
lter for ontinuum subtration. Beause the R pass band inludes theH+[NII℄
lines, this means that the amount of ontinuum subtrated from a line emitting
objet will be high, resulting in line uxes that are underestimated by a fator
1  W
NB
=W
R
, where W
NB
and W
R
are the eetive widths of the narrow band
and R lters. For the lters used in this work, this fator is 0:95, whih will ause
the slopes to steep by the negligible amount of 0.02.
5.4 Disussion
Sine neither dierenes between the redution proedures for the dierent
data sets or errors in the redution of the Herules luster data an aount for
the observed steeper slopes in the Herules luster galaxies, we must onlude
that they are an intrinsi property of Herules luster galaxies. Examination of
the surfae brightness plots for Herules luster galaxies with steep slopes reveals
three harateristi prole morphologies. The rst is a prole that is asymptoti
to the eld galaxy t at large radius, but in the inner portion rises well above
the t line. The seond is asymptoti to the t at small radius, but drops well
below the eld galaxy t at large radii. The third are proles that are high in
the inner parts, but drop signiantly below the eld galaxy t at large radius.
Examples of eah type of prole are given in Figure 5.4, along with an example
of a galaxy with normal slope for omparison. The proles of all Herules luster
galaxies with slopes steeper than  0:45 were lassied as being in one of these
three ategories, whih from here on are referred to as inner (type i) proles, outer
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(type o) proles, or ombination (type io) proles. These galaxies are tabulated
in Table 5.2, along with the slope of the galaxies prole, its morphologial type,
the lassiation of its prole, and a notation as to whether the galaxy is an H
exess galaxy or not.
Examination of Table 5.2 shows that their is a strong orrelation between the
prole type and morphologial type of the galaxy. Type i proles are almost
exlusively found in early type galaxies, while the type o proles our almost
exlusively in late type spirals. Type io proles seem to our in both early and
late type galaxies, onsistent with these proles being a transition lass.
5.4.1 Type I Proles
The type i proles suggest an inrease in the entral star formation in some
early type luster galaxies. This is onsistent with the results of Caldwell et al.
(1996), who nd that the HÆ strong galaxies in the Coma luster seem to have
had star-bursts in the past that were onned to their entral few kiloparses.
This over abundane of entral star formation is probably due to an inrease in
the entral surfae density of gas in these systems, either due to radial ows of
gas within the galaxy, or aretion of gas from an external soure.
Dierentiating between these two possibilities based upon the surfae bright-
ness proles may be diÆult. On the one hand, one might expet that the radial
transport of gas within in a galaxy might give rise to a type io prole, sine the
inner gas surfae density is being enhaned by reduing the outer gas surfae den-
sity. This would presumably lead to a redution on the rate of star formation
in the galaxy's outer parts as the rate of star formation in the inner parts is en-
haned. Ryder (1993) nds examples of barred galaxies that exhibit this property,
presumably due to bar driven gas inow from the outer regions of the galaxy. On
the other hand, the fat that most of the type i prole galaxies are S0's suggests
aution, sine the lower gas surfae density in early type galaxies means that over
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Steep Inner (type i) Steep outer (type o)
Steep inner/outer (type io) Normal Slope
Figure 5.4. Examples of galaxies with high inner H emission, low outer H
emission, and high inner/low outer H emission. A galaxy with a normal slope
is inluded for omparison.
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Table 5.2. Herules galaxies with steep R/H surfae brightness relations.
Galaxy Slope Morph Prole H exess
CGCG 108-098  0.756 SAB o n
s4  0.726 S0 i y
IC 1189  0.703 SB0a i y
BO 119  0.681 S o n
e1  0.643 Sd o n
D 087  0.619 Sb i n
D 045  0.606 I io n
IC 1182  0.571 S0 i y
D 100  0.564 SABd io n
Mk 299  0.561 S io n
D 097  0.554 S0a io y
s1  0.517 S0 i y
D 020  0.517 S o n
IC 1195  0.503 SBb o n
CGCG 108-154  0.488 Sb o y
D 129  0.488 S o y
D 021  0.479 S o n
CGCG 108-139  0.471 SABb o n
CGCG 108-108  0.467 S o n
NGC 6056  0.465 SB0 i n
D 012  0.459 SBb i n
D 079  0.452 E i y
IC 1188A  0.451 SABa i n
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most of these galaxies' disks, the gas may be stable against ollapse (Pogge &
Eskridge 1993). This means that transporting gas from an outer area where it
is stable against ollapse, to the enter of the galaxy may inrease entral star
formation, but not notieably redue the outer star formation, sine the gas is
oming from a region that has no star formation.
An interesting question regarding the galaxies with type i proles is what
orrespondene they have with the H exess galaxies observed in the Herules
luster. Examination of Table 5.2 shows that ve of the type i galaxies are alsoH
exess galaxies. One type io galaxy is an H exess galaxy, as is one of the type o
galaxies. Therefore a good fration, but by no means all of the H exess galaxies
have type i proles. An interesting point is that most of H exess galaxies do
have a entral enhanement, with six of them having either type i or io proles,
and three having only entralH emission. Therefore nine of the fteen early type
H exess galaxies in the Herules luster have a entral exess of H emission,
suggesting that the exess star formation in these systems is onentrated in the
entral few kiloparses of these galaxies.
One point worth noting is that the ve S0a and Sa galaxies in the Ryder &
Dopita (1994) sample all have a entral exess of H emission, although the t
slopes for these systems are not steeper than for the later type spirals in the
sample. This ould mean that an inner exess with respet to the outer disk is a
ommon feature of early type galaxies.
Regardless of whether the entral H enhanement is due to a radial ow
of gas within the galaxies, or external aretion of gas, the entral enhanement
suggests some sort of tidal interation or merger event in the galaxy, and seems
to rule out a ram pressure ompression of the gas. The lak of the presene of
nearby ompanions, and with the exeption of IC 1182, of other signs of obvious
interation in the type i galaxies means that the soure of this interation must
be suh that it leaves little evidene besides the entral H enhanement. This
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suggests either luster tidal interations (Byrd & Valtonen 1990; Valluri 1993),
whih tend to distort a galaxy symmetrially and thus leave less tangible lues
than galaxy-galaxy interations, or interation with/aretion of dwarf galaxies,
whih also are expeted to leave only subtle imprints on the more massive galaxy
(Walker, Mihos, & Hernquist 1996).
5.4.2 Type O Proles
As noted previously, type o proles seem to our almost exlusively in later
type spirals. It is tempting given the normal inner star formation, and seeming
deit of outer star formation, to onlude that these galaxies have been stripped
in their outer parts by ram pressure, leading to a drop in the star formation in
their outer disks. Several of the type o galaxies where deteted by Dikey (1997)
in his HI survey, and most show extensive HI disks that are signiantly larger
than the optial disks of the galaxies. These HI observations show that it is
highly unlikely that the type o proles are due to stripping. Examination of the
proles of late type spirals in Ryder & Dopita (1994) show that several of their
galaxies also show similar proles. Perhaps these galaxies are systems where the
gas density has dropped below the stability threshold, and are thus not forming
stars in their outer parts (Kenniutt 1989).
5.4.3 Whene the Steep Slopes?
Sine the presene of steep slopes in Herules luster galaxies is a statistial
result, a partiularly pertinent question is whether the exess of steep slopes an
be assoiated with galaxies of a partiular prole type or not. In order to address
this question, all the galaxies in the Ryder & Dopita (1994) sample with slopes
steeper than  0:45 were lassied in the same way as the Herules luster galaxies
were. With only eight galaxies with steep slopes, any statistial omparison of
the frequeny of dierent prole types is not possible, but it appears that the
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dierent types our with about equal frequeny in the Ryder & Dopita (1994)
sample. This suggests that eet may not be due to an over abundane of a
partiular prole type. On the other hand, the seeming onnetion between anH
exess and steep slopes in early type galaxies suggests that the same mehanism
is responsible for both phenomena.
5.5 Summary
An examination of the relation between the H and R band surfae brightness
for Herules luster galaxies has been presented. When ompared to a sample of
eld galaxies, the H to R band surfae brightness relation shows an exess of
steep slopes ompared to the relation for eld galaxies. Roughly equal numbers of
luster galaxies with steep slopes show entral enhanements in theirH emission,
and outer deits in their H emission. The entral enhanements are probably
due to tidal interations or minor mergers/aretion events. The deit of outer
H emission in some of the galaxies does not seem to be due to stripping in the
outer disks of the galaxies, sine many of the galaxies possess extended HI disks
(Dikey 1997).
6 The Nature of the H Exess
Galaxies in the Herules Cluster
This hapter pulls together all available data, both from this dissertation and
the literature, for the nineteen H exess galaxies disovered in the Herules
luster survey, along with the Herules luster galaxy D150 for whih data was
olleted at the Lowell Observatory. The purpose of doing this is to as fully as
possible haraterize the properties of these galaxies with an eye towards on-
struting a plausible senario for the soure of their H exess. In addition to
already existing data, this hapter presents new long slit optial spetrosopy for
ve of the twenty galaxies onsidered in this hapter.
6.1 Optial Spetrosopy
Long slit spetrosopi observations of ve of the twenty known H exess
galaxies, as well as NGC 6056, were obtained as the part of two dierent observing
runs for other sienti programs. Spetra of D 150 and D 079 where obtained on
February 10, 1997 by C. Liu using the University of Arizona's 2.3m Bok Reetor.
The integration time on eah soure was 500 seonds. Observations of D 084, D
119, D 097, and NGC 6056 were obtained on May 29, 1998 by W. Keel, F. Owen,
and M. Ledlow using the Kitt Peak National Observatories' 4m Mayall reetor.
The integration time during these observations was 300 seonds for eah galaxy.
The redution proedures for the data from both runs was very similar, so the
following disussion of the image redutions pertains to both sets of observations.
An average bias frame was rst subtrated from all frames in order to remove
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any pixel to pixel variations in the bias level. The over-san region of the CCD
was then t with a low order polynomial, and this t was subtrated from all
olumns on the hip for eah image, in order to remove any small drift in the
bias level throughout the night. The frames were trimmed at this point to re-
move poorly exposed pixels near the edge of the hip. Observations of a quartz
lamp were used to onstrut a at eld image by tting a low order polynomial
along the dispersion diretion. The lamp image was then normalized by this t,
in order to remove the spetral response of the spetrograph from the at eld.
The resulting image was then used to at eld all frames. Cosmi rays were then
identied and removed manually. Observations of a omparison lamp was then
used to wavelength alibrate eah set of observations. The wavelength range ov-
ered in the data olleted at the Bok reetor was 3680  6990

A at a dispersion
of 2:77

A=pixel, and for the Mayall data was approximately 3945   9485

A at a
dispersion of 2:78

A=pixel. Finally, the galaxy spetra were ux alibrated us-
ing observations of spetrophotometri standards from the lists of Massey et al.
(1988). Plots of the redued spetra are given in Figure 6.1
Brief omments on the spetra for eah galaxy are presented at this point. D
079 shows a spetrum harateristi of a strongly star forming system, although
the ontinuum is not exessively blue. The exitation of the spetrum is not that
high, suggesting that the galaxy is fairly metal rih. D 084 shows extended disk
emission. The only deteted emission lines are H + [NII℄ and the [SII℄ lines at
6716; 6731

A, with no emission lines deteted in the blue. The non-detetion
of H suggests a fairly high dust ontent for this system. D 097 shows a red
ontinuum, onsistent with its red B  R olor. Again, only the H+ [NII℄ and
the [SII℄ lines are deteted. D 119 shows a rather neutral olor ontinuum, with
only H + [NII℄ being deteted. D 150 shows emission lines suggesting strong
nulear star formation, superimposed on the red ontinuum harateristi of a
E/S0 galaxy. NGC 6056 shows a spetrum typial of an evolved E/S0 galaxy,
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Figure 6.1. Spetra of six of the H exess galaxies in the Herules luster. The
spetra have been smoothed with a three pixel boxar to suppress noise. In some
ases, residuals of poorly subtrated night sky lines have been repaired.
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Figure 6.1. |Continued.
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Figure 6.1. |Continued.
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Table 6.1. Derived uxes in deteted lines, in units of 10
 15
ergs=se=m
2
.
Galaxy [O II℄ H [O III℄ [O III℄ [N II℄ H [N II℄ [S II℄ [S II℄
3727

A 4861

A 4959

A 5007

A 6548

A 6563

A 6583

A 6717

A 6731

A
D 079 12.2 7.4 2.2 5.0 4.3 35.7 12.0 3.9 3.2
D 084 | 0.56L | | 1.1 9.5 2.5 0.61 1.5
D 097 | 0.44L | | 1.5 6.6 4.5 1.5 0.95
D 119 | 0.52L | | | 1.9 0.77 | |
D 150 5.2 1.7 | 1.2 5.8 30.8 19.3 | |
with no detetable emission lines. The lak of deteted emission lines is probably
due to a ombination of the galaxy's relatively low H+ [NII℄ equivalent width
(6

A), oupled with the spatially diuse nature of its H emission.
Fluxes for deteted lines in the spetra were measured using gaussian ts to
the lines, and are presented in Table 6.1. In ases where H was not deteted, an
upper limit to the H ux was estimated from the spetrum for use in estimat-
ing a lower limit to the extintion in the line emitting region, and is tabulated
with an L to indiate that the value is an upper limit. Extintions in the V
band were alulated using the observed ratios of H to H (or its upper limit)
by assuming ase B reombination with a temperature T = 10; 000
Æ
K and ele-
tron density n
e
= 100m
 3
(Osterbrok 1989). These parameters give a ratio of
H=H = 2:86. The observed line uxes of H and H were orreted for 2

A of
absorption, following MCall, Rybski, & Shields (1985). The derived extintions
are given in Table 6.2, along with the redshift for eah of the galaxies derived using
the wavelengths of the deteted emission lines. The line measurements reveal a
moderate amount of extintion in these systems, typially in the range 1-3 mag-
nitudes at V. The highest extintion is found for D 150, A
V
= 3:6 magnitudes.
It is possible that this high value of extintion is due to an under estimation of
the H absorption equivalent width for this system. To examine this possibility,
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Table 6.2. Derived V band extintions and redshifts for the observed galaxies.
Galaxy A(V) z
D 079 1.0 0.03394
D 084 2.0L 0.03755
D 097 1.3L 0.03895
D 119 0.7L 0.03698
D 150 3.6 0.03692
the ontinuum olor index C(55  67) dened by Keel (1983) was determined for
the D 150 spetrum. Keel nds a good orrelation between this parameter and
H absorption equivalent width, and gives a formula to predit the equivalent
width using C(55   67). Using this formula predits that D 150 should have an
H absorption equivalent width of 1.8

A, suggesting that the adopted orretion
of 2

A is orret. For referene, if the atual H equivalent width was 4

A rather
than 2

A, the inferred extintion in D 150 would be A
V
 1:4 magnitudes.
6.2 Comments on Individual Galaxies
D 084. This galaxy is a somewhat peuliar Sa galaxy, loated well west of the
main x-ray peak in the luster. The galaxy has a ompat, somewhat distorted
disk. The ontinuum subtrated H image and spetra obtained for this galaxy
show that this system is urrently undergoing strong disk-wide star formation.
NGC 6040B. This S0 galaxy seems to be urrently interating with the
neighboring spiral galaxy NGC 6040A. The H image shows a ompat ore,
with some extended H emission. The galaxy is a fairly bright radio soure,
having a ux density of 101 mJy at 1400 MHz (Zhao, Burns, & Owen 1989). The
pair was deteted by IRAS, but beause of their proximity to one another, it is
impossible to separate the ux from the two omponents. Even if all the IRAS
ux is attributed to NGC 6040B, the galaxy would still have a FIR-radio ratio
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that would indiate that the radio emission was powered by an ative galati
nuleus (AGN), and not star formation (Condon 1992). There is also an x-ray
soure entered on this galaxy (Huang & Sarazin 1996), again suggesting that this
galaxy ontains an AGN.
D 103. This normal appearing S0 shows a bright entral disk of H emission.
SC1. This appears to be a normal S0 galaxy. The galaxy has not been
ataloged previously. The H emission in this system is fairly ompat.
SC2. This galaxy is a ompat S0, whih was also not previously ataloged.
The H distribution in this galaxy is fairly ompat and high surfae brightness.
D 129. This edge on spiral was deteted in HI by Dikey (1997). Dikey nds
that the HI distribution in this galaxy is asymmetri, with most of the HI on the
east side of the galaxy while the west side is fairly HI deient. In ontrast, the
H emission in the galaxy is stronger on the west side. If Dikey's interpretation
of the HI asymmetry being due to ram pressure sweeping is orret, then perhaps
we are seeing ram pressure indued star formation in this ase.
BO 107. This S galaxy is extremely blue, and fairly asymmetri.
D 061. This normal appearing S0 galaxy has ompat H emission.
BO 076. This normal appearing S0 has a somewhat extended disk of H
emission.
D 097. This system has fairly ompat and high surfae brightness H emis-
sion. The nulear spetrum of this galaxy suggests a moderate amount of dust
absorption.
NGC 6054 This large barred spiral is somewhat blue for its type, and has a
large HI disk (Dikey 1997).
D 079. This galaxy is an extremely ompat elliptial, with ompat, high
surfae brightness H emission. The spetrum of this galaxy indiates that it
is urrently undergoing strong star formation. The relative strength of H to
H in this galaxy indiates modest reddening in this system. This, oupled with
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the fat that the system is not exeptionally blue suggests that we are seeing a
starburst, superimposed on an older stellar population. This system also appears
to have been deteted in HI in Dikey's (1997) VLA survey, but was not inluded
in his atalog, probably beause its small size aused it to fall below his detetion
threshold.
SC4. This normal seeming S0 has not been previously ataloged.
IC 1182. This galaxy is a merger remnant, and shows two tidal tails with
assoiated HI (Dikey 1997). The nuleus of this galaxy has a spetrum that is
a transition between an HII region and Seyfert 1 like emission, suggesting both
star formation and an AGN in and around the nuleus of this objet (Veron,
Gonalves, & Veron-Cetty 1997).
D 119. This galaxy is a normal appearing S0. The spetrum of this galaxy
suggests a modest amount of extintion.
IC 1189. This galaxy is a Markarian objet, and so must show strong UV
emission. The galaxy's H emission is ompat. The HI emission from this galaxy
has an extent roughly omparable to that of the optial disk (Dikey 1997). The
galaxy's radio emission at 1400MHz of 5.9 mJy (Dikey & Salpeter 1984) gives it a
FIR to radio ratio (Helou, Soifer, & Rowan-Robinson 1985) of q = 2:14, onsistent
with the radio and FIR emission being powered by star formation (Condon 1992).
IC 1193. This large S0 galaxy shows a fairly brightH nuleus, superimposed
on a diuse H disk.
D 089. This galaxy is a ompat elliptial. Its H emission is ompat, and
has a high surfae brightness, similar to D 079.
D 150. This S0 galaxy is the most luminous IRAS soure within one Abell
radius of the luster enter. The galaxy was deteted at 1.5 GHz by Slee, Roy, &
Andernah (1996), who nd a ux density at that frequeny of 7.4 mJy, giving a
FIR to radio ratio of q = 2:62, suggesting that the radio emission is powered by
star formation (Condon 1992). The optial spetrum suggests that this system is
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suering a relatively large amount of extintion in its nuleus, onsistent with its
large amount of FIR emission.
CGCG 108-154. This galaxy is a normal seeming spiral.
6.3 Classiation
Examination of the properties of the H exess galaxies suggest that they may
broadly lassied into four distint types of objets. The major reason for doing
this is that the ommon properties of the dierent lasses may give insight into
the external auses for their urrent H exess. An important aveat to this is
that at least some galaxies may have an H exess without any external ause
(Keel & Van Soest 1992; Telles & Terlevih 1995). Therefore, some are must be
taken not to over interpret the properties of any of the following lasses of H
exess galaxies.
6.3.1 Major Galaxy-Galaxy Interations
Two H exess galaxies an reasonably be put in this lass, IC 1182, a merger
remnant, and NGC 6040B, whih seems to be interating with the massive spiral
NGC 6040A. As already disussed, the H emission in both these systems seems
to be powered by a mix of star formation and emission from an AGN. The role of
interations and mergers in stimulating star formation has been well doumented
(Keel, Kenniutt, Hummel, & Van der Hulst 1985; Kenniutt et al. 1987), but the
long sought after onnetion between interations and AGN has produed muh
less lear results (see Hekman 1990 for a review). The fat that only two of the
twenty H exess galaxies are of this lass suggests that interations or mergers
between roughly equal mass galaxies annot aount for the presene of the H
exess galaxies in the Herules luster.
A few interesting points onerning major galaxy-galaxy interations in the
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Herules luster are worth further note. The rst is that there are several examples
of strongly interating systems in Herules (NGC 6045, NGC 6040A, IC 1178 +
IC 1181, IC 1194, Mk 299) that show no H exess. In fat, the early type
galaxies IC 1178, IC 1181, and IC 1194 have no detetable star formation, in spite
of possessing impressive tidal tails and bridges. At some level, nding interating
galaxies without enhaned star formation is not a surprise, sine Kenniutt et
al. (1987) nd a signiant fration of interating systems without enhaned star
formation.
A seond interesting point is that the number of strongly interating systems
in Herules probably indiates that the luster is dominated by substrutures with
lower veloity dispersions that are more onduive to galaxy-galaxy interations
and mergers than in a typial rih luster with veloity dispersion  1000km=se.
This is not a new idea in regards to the Herules luster (Bothun & Shommer
1982), and evidene for several sub-lusters in the Herules luster has been pre-
sented by Bird et al. (1995) and Huang & Sarazin (1996) (see setion 4.1 for a
more extensive disussion). The veloity dispersions for these sub-lusters derived
by Bird et al. (1995) are still generally in exess of 500km=se, so it is interest-
ing to speulate that the partitioning of the luster into sub-lusters may still be
inomplete.
6.3.2 Spirals With Disk-Wide Star Formation
The earlier analysis shows that late type spirals with an H exess our with
the same frequeny in the eld and Herules luster samples. There are ve H
exess galaxies that fall into this ategory, D 084, BO 107, NGC 6054, CGCG 108-
154, and D 129. All ve show fairly strong star formation over most of the extent
of their disks. NGC 6054 and CGCG 108-154 are normal seeming spirals, but D
084, BO 107, and D 129 show some level of asymmetry in their H distributions.
In addition, D 084 and BO 107 show asymmetries in their ontinuum disks, while
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D 129 shows an asymmetri HI distribution (Dikey 1997). The lak of nearby
ompanions may suggest that these galaxies are suering from galaxy harassment
(Moore et al. 1996), or from tides due to the luster potential (Byrd & Valtonen
1990; Valluri 1993; Byrd & Henriksen 1996). The struture of D 129 ould also
be due to ram pressure eets, although the ICM density does not seem to be
partiularly high at the position of the galaxy. Whatever the explanation for
these galaxies H exess, the fat that only ve suh galaxies have been deteted
suggests that the mehanism is not urrently aeting most luster galaxies.
6.3.3 Compat Galaxies
The desription of a galaxy as ompat has traditionally been an inexat one,
both beause the term is used to refer to dierent types of objets by dierent
people, but more importantly, beause the ompatness of a galaxy image has
often depended on the observational material being used to do the lassiation.
The most ommon riteria of a ompat galaxy is a galaxy of relatively high
surfae brightness that is only marginally disernible from a star. A partiularly
frustrating onsequene of this is that systems that would at a ertain distane be
lassied as ompat might not be lassied as ompat if they were more nearby.
Catalogs of ompat galaxies based on optial inspetion of sky survey material
are presented by Zwiky (1971) and Arp & Madore (1987) (their ategory 13).
Not surprisingly, the nature of the ompat galaxies in these atalogs seems to be
highly heterogeneous, with some being normal seeming elliptial galaxies, while
others are intensely star forming systems.
Reent interest in the study of ompat galaxies at higher redshift has been
sparked by the \faint blue galaxy problem," the observation that at redshifts
z  0:2  0:5 there are many more faint, blue galaxies than an be aounted for
by extrapolating the z  0 galaxy population to z  0:2  0:5 with no evolution
in their star formation properties (Cowie, Songaila, & Hu 1991). One possible
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explanation for the exess blue galaxies is that they are star-bursting dwarfs, whih
have faded to beome the dwarf spheroidals of today. If this is the ase, the exess
blue galaxies would show up as ompat high surfae brightness galaxies at z 
0:2  1:0. Phillips, Guzman, Gallego, Koo, Lowenthal, Vogt, Faber, & Illingworth
(1997) and Guzman, Gallego, Koo, Phillips, Lowenthal, Faber, Illingworth, & Vogt
(1997) present studies of galaxies seleted for their ompatness in the anking
elds of the Hubble deep eld. Their spetrosopy shows that approximately one
third of the ompat galaxies are normal elliptials, while the remaining two thirds
are star forming systems, haraterized by strong emission lines and blue ontinua.
They nd that roughly half of these star forming systems have the harateristis
of loal star forming disk galaxies, while the other half have properties similar to
loal HII galaxies, whih are haraterized by small sizes and strong line spetra,
harateristi of systems undergoing intense star formation (Salzer, MaAlpine,
& Boroson 1989a, 1989b).
Salzer et al. (1989a, 1989b) present studies of samples of emission line galaxies
seleted from objetive prism surveys. Salzer et al. (1989b) lassify all galaxies
whose line emission is powered by star formation into dierent ategories, based
both on the luminosity and struture of the galaxies. The largest galaxies tended
to be normal spirals with starburst nulei. Smaller galaxies were dened as either
HII hot-spot or dwarf HII hot-spot galaxies, based on their irregular morphology
and high exitation nebular spetra, suggesting relatively low metalliities on the
parts of these galaxies. A lass intermediate between the starburst nulei and
HII hot-spot galaxies was also dened, the dwarf amorphous nulear starburst
galaxies (DANS for short). The DANS are haraterized by small physial size
(diameters on the order of 10 kp), symmetri, featureless disks, and spetra with
exitations that suggest that the systems are fairly metal rih.
A reent announement has been made of the disovery of galaxies that were
ompat enough that they were indistinguishable from stars on sky survey prints
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(Drinkwater, Gregg, & Smith 1998). These systems have redshifts in the range
0:044 < z < 0:184, and apparently have spetra showing signs of strong star
formation. Although these systems have been laimed to be a previously undis-
overed type of loal galaxy, it seems more likely that they are simply DANS and
HII hot-spot galaxies that are suÆiently far away that they are unresolvable from
the ground.
How do the three H exess galaxies found in Herules (D 079, D089, and
s2) that may reasonably be alled ompat ompare to the systems desribed in
Salzer et al. (1989b)? Their small size and regular appearane suggest that they
would most reasonably be identied with the DANS. To examine the plausibility
of this identiation, eetive radii (r
e
) and surfae brightnesses within the ee-
tive radii (
e
) were determined on the on the B band images, and are tabulated
in Table 6.3. The eetive radii should probably be onsidered as upper limits,
sine a physial size of 1.5 kp orresponds to a size of only 3 pixels on the im-
ages. Nevertheless, the derived values orrespond well to those found for ompat
emission line galaxies of similar absolute magnitude (Phillips et al. 1997). As
a further hek on the onsisteny of the identiation of the Herules ompats
as DANS, the line ratios [OIII℄ 5007=H and [NII℄ 6584=H for D 079 were
ompared to those for the DANs in Salzer (1989b). The ratios found in D 079 are
onsistent with the most metal rih of the DANS. It therefore seems likely that
Table 6.3. Eetive radii and surfae brightnesses for Herules luster ompat
galaxies.
Galaxy r
e

e
kp mag/arse
2
D 079 1.5 20.49
D 089 1.5 21.41
s1 1.5 21.57
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the ompat H exess galaxies in the Herules luster are members of the lass
of emission line galaxies studied by Salzer et al. (1989a, 1989b).
6.3.4 Star Forming S0's
The remainingH exess galaxies in the Herules luster are otherwise normal
seeming S0 galaxies. While it is not unusual for some S0 galaxies to have modest
amounts of star formation, it is worth reiterating that the galaxies in Herules
were identied as having an H exess relative to the star forming S0's studied
by Pogge & Eskridge (1993). The observed equivalent widths of these galaxies
range from the fairly modest 8.5

A in IC 1193 to in exess of 40

A for D 119
and D 150, with a mean value of 24

A, lose to the mean value for S galaxies.
Thus, while these systems are not in the same league with intensely star forming
galaxies, whih generally have H equivalent widths in exess of 50

A, many of
them are still doing a fairly respetable job of forming stars.
As noted in the previous hapter, the star formation in these systems tends to
be onentrated in the galaxies' nuleus. While this is not partiularly unusual
for S0-Sa galaxies, it does suggest that gas has been onentrated in the enters of
these systems. The relatively undisturbed appearane of these galaxies suggests
that either minor mergers or the eet of the luster potential, whih tends to
symmetrially distort a galaxy's disk, may have ated to reently deliver gas to
the enter of these galaxies. Ram pressure triggering of star formation an also
not be ruled out based on the distribution of star formation alone.
6.4 The Color-Magnitude Diagram, Revisited
The purpose of onstruting a olor-magnitude diagram in setion 4.4.3 was
to searh for post starburst galaxies or galaxies with reently trunated star for-
mation. The onlusion from studying the olor-magnitude diagram for the H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non-detetions was that there is not a signiant population of suh systems in
the Herules luster. A signiant population of galaxies with strong star-bursts
was also not found in the luster. The H exess galaxies that were deteted
showed more modest levels of H emission, orresponding to more modest bursts
of star formation. Here the question of whether these modest bursts of star for-
mation would be detetable on a olor-magnitude diagram after the burst of star
formation subsides is onsidered.
The olor magnitude diagram for the early type H exess galaxies, exluding
IC 1182 and NGC 6040B that may have signiant H emission due to AGN,
is plotted in Figure 6.2. This gure reveals that the majority of the H exess
galaxies are already redder than the Buther & Oemler (1985) blue galaxy riteria,
and those that are bluer are not extremely blue. These red olors are due to two
fators. One is that the modest level of urrent star formation in these systems,
superimposed on the underlying red population of these galaxies do not produe
extremely blue olors. The other fator is apparent in the analysis of the spetra
obtained for a subset of the H exess galaxies. There is moderate amounts of
dust in these galaxies, whih tends to be onentrated in the star forming regions
of these systems. This means that the modest H exess galaxies deteted in the
Herules luster will be diÆult to identify by the traditional means of a olor
magnitude diagram during their burst phase, and even more diÆult to detet
after the burst subsides and the galaxy grows redder. Additionally, surveys that
use spetra in the blue region will have diÆulty deteting these systems, sine
the emission lines of H and [OIII℄ are often extinted enough to not be deteted.
The [OII℄ line may be detetable in these systems, but the ombination of modest
star formation and extintion will make the line weak. The fat that 1-2 Gyr
after their star formation subsides, the early type H exess galaxies will be
red systems is onsistent with the these galaxies being the progenitors of the HÆ
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Figure 6.2. The olor-magnitude diagram for the H exess galaxies. The solid
line is the best t to the H non-detetions, and the dashed line is the Buther
& Oemler (1984) blue galaxy riteria.
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strong galaxies, whih show signs of past star formation through enhaned Balmer
absorption lines, but red olors.
6.5 Loal Environment and Possible Triggering
Mehanisms
Three possible mehanisms have been onsidered for triggering the H exess
observed in the early type luster galaxies: ram pressure, luster tides, and minor
interations or mergers. All three will leave the morphology of the aeted galaxy
relatively undisturbed, so in order to onstrain the possible mehanism, the loal
environment of the galaxies must also be onsidered.
6.5.1 Ram Pressure
Ram pressure was originally onsidered as a mehanism for aeting star for-
mation by Gunn & Gott (1972), who suggested it may strip luster spiral galaxies
and thus trunate their star formation. Evrard (1991) performed simulations of
the formation of galaxy lusters, and developed a senario where star formation
ativity is triggered by the rapid rise in the pressure in a galaxy's interstellar
medium (ISM), due to its initial ram pressure ontat with the lusters ICM.
Evrard onsiders a galaxy to be triggered if the pressure rises to ve times the
pressure in the galaxies ISM ( P
ISM
=k  10
3:5
K=m
 3
), in a time less than 0.36
Gyr. Evrard's (1991) simulations predit two harateristis of the population of
galaxies that have had star formation triggered. The rst is that the galaxies will
tend to our only within a ertain radius of the luster enter, sine they must
be in an area of high ICM density before they are triggered. The seond is that
the triggered galaxies will have a fairly at veloity histogram, and will atually
show a marked deit of galaxies at the systemi veloity of the luster.
In order to see if the above riteria were met for the H exess galaxies,
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the size of the region where the ram pressure is high enough for triggering was
determined for the Herules luster using the gas density prole for the lusters
main x-ray peak presented in Huang & Sarazin (1996). To estimate the radius at
whih ativity would be triggered, the density neessary to produe a ram pressure
of p
ram
= 5 10
3:5
k dynes/m
2
was alulated for a galaxy with a speed of 1200
km/se. These parameters give a number density of n  0:1m
 3
. This gas
density is ahieved only within 100-200 kp of the luster enter in the Herules
luster. Sine many of the H exess galaxies are at distanes greater than 1 Mp
from the luster enter, it seems unlikely that their star formation ativity is due
to ram pressure triggering.
Redshift histograms were onstruted for luster galaxies with and without an
H exess, and are plotted in Figure 6.3, for omparison with Evrard's (1991)
predition. Examination of the histograms shows that the histogram for the H
exess galaxies is not markedly atter than that for the non-exess galaxies, and
most importantly has a peak at the mean redshift of the luster, the opposite of
what is predited in Evrard's (1991) models. Therefore it seems that the spatial
and redshift distributions of the H exess galaxies are inonsistent with ram
pressure as a triggering mehanism.
6.5.2 Cluster Tides
Byrd & Valtonen (1990) simulated the aet of luster tides on a galaxy disk,
and found that signiant gas inow is triggered in galaxies if the perturbation
parameter, P = (M
p
=M
g
)(r
g
=r
p
)
3
, has values greater than 0.1, where M
g
and
r
g
are the mass and radius of the galaxy, and M
p
and r
p
are the mass of the
luster and the distane of the galaxy from the luster enter. In order to infer
the area of the luster over whih luster tides will be eetive, r
p
was alulated
for P = 0:1 for a galaxy with r
g
= 10kp and M
g
= 10
10
M

, and a luster mass
of M
p
= 10
14
M

(Huang & Sarazin 1996). These values give r
p
= 460kp. Sine
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Figure 6.3. Redshift histograms for the Herules luster galaxies with an H
exess (dashed line), and no H exess (solid line).
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many of the H exess systems are at a distane of 1 Mp or more from the luster
enter, it appears that luster tides will also not suÆe as a triggering mehanism
for these galaxies.
6.5.3 Minor Interations or Mergers
In prinipal, a test of whether minor interations or mergers are responsible for
the H exess galaxies ould be performed by searhing for an exess of nearby
ompanions to the H exess galaxies, ompared to galaxies with normal levels
of emission. In pratie, there are two ompliating fators to performing suh a
test. The rst is that, beause the galaxies of interest are in a luster, the surfae
density of unrelated galaxies projeted along the line of sight is high, making any
signal due to bona-de ompanions diÆult to detet. The other is that beause
the hypothesized ompanions are muh less bright than the galaxy with whih they
are interating, and possibly of low surfae brightness, they would be diÆult to
detet even in the absene of the high surfae density of luster galaxies.
As a preliminary step in examining the possibility that minor interations are
responsible for the H exess systems, the areas around the H exess and H
normal galaxies were examined out to a distane of 50 kp (slightly more than
1 arminute at the distane of the Herules luster), for the presene of faint
ompanions. This preliminary examination nds no exess of ompanions around
the H exess systems, ompared to H normal systems in similar areas of the
luster. This initial searh suggests that there is not an over abundane of optially
identiable ompanions to the H exess galaxies, but does not rule out minor
interations and mergers as a triggering mehanism, sine the ompanions may be
of low surfae brightness, or have already merged with the H exess galaxy, and
thus not be detetable. Sensitive VLA HI observations would be useful in testing
this idea, sine Taylor, Brinks, Grashuis, & Skillman (1995) have shown that HII
galaxies often have optially faint, HI rih ompanions, whih presumably trigger
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star formation in the HII galaxies. It is possible that a similar population of HI
rih dwarfs is responsible for the star formation in the H exess galaxies.
In summary, while there is little urrent evidene for minor interations or
mergers in the H exess systems, they annot be ruled out as a star formation
triggering mehanism, in large part beause the signs of suh events are so diÆult
to detet.
6.6 Summary
Examination of the properties of the H exess galaxies in the Herules luster
shows that most are early type systems. These early type galaxies have a mean
H equivalent width of  24

A, about the same as that of normal S galaxies.
The star formation in these systems is often onentrated near the nuleus of
the galaxy, whih is not unharateristi of star forming early type systems. The
emission line spetra of these galaxies suggest a moderate amount of reddening
in the star forming regions of these galaxies, with V band extintions in the
range of 1-3 magnitudes. This extintion helps hide the star formation in surveys
using broadband olors or blue spetra, so the fration of these types of galaxies
in other lusters, partiularly at higher redshift, may be underestimated. The
relatively undisturbed appearane of the majority of these systems, along with
the entrally ondensed star formation suggests that if the star formation has
been triggered, the mehanism is a fairly non-damaging one. Examination of the
loal environment of the H exess galaxies shows that many of them are in
regions of the luster where neither ram pressure or luster tides should operate
eÆiently to stimulate star formation, suggesting that neither of these mehanisms
is responsible for theH exess galaxies. This leaves minor interations or mergers
as the only mehanism onsidered that ould explain these systems, with the main
advantage of this mehanism being the diÆulty with whih it an be deteted.
7 NGC 3312
This hapter presents a more in-depth ase study of one galaxy that has been
suggested to be urrently undergoing a strong interation with the luster envi-
ronment (Gallagher 1978), NGC 3312. This galaxy is a good andidate for more
areful study, not only beause of its suggested interation with the luster envi-
ronment, but also beause more detailed information is available for this objet.
In addition, it exhibits many of the harateristis that ompliate the isolation
of spei environmental fators that aet luster galaxies.
7.1 Previous Work
NGC 3312 is large spiral galaxy (see Figures 7.1 and 7.2), whih is loated, at
least in projetion, near the enter of the Hydra luster of galaxies (Abell 1060).
The helioentri reession veloity of the galaxy is  2870 km/se. The mean
reession veloity and veloity dispersion of the Hydra luster, determined using
an iterative algorithm to remove outliers are v = 3718 km/se and 
v
= 658
km/se respetively (Zabludo, Huhra, & Geller 1990). Therefore NGC 3312
has a radial veloity that lies 1:3 from the luster mean, suggesting that if it is
a luster member, it is probably falling through the luster ore at the urrent
time. In a detailed study of the dynamis of the Hydra luster, Fithett & Merritt
(1988) note that there are several other galaxies projeted on the ore of the luster
with veloities similar to that of NGC 3312, and suggest that these galaxies form a
bound group with NGC 3312. Further, they suggest that the group is not atually
assoiated spatially with Abell 1060, but instead is at a distane suggested by its
188
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reession veloity, and thus is only projeted on the luster ore. In support of
this notion they onsider the ase of NGC 3314, a pair of overlapping galaxies also
projeted near the ore of Abell 1060. The veloities of the two omponents of
NGC 3314 have veloities that dier by  2000km=se, with the foreground galaxy
having a veloity near that of NGC 3312, while the veloity of the bakground
galaxy is onsistent with membership in a another piee of substruture identied
by Fithett & Merritt (1988). They suggest this struture is a bakground group,
not physially assoiated with the Hydra luster, as opposed to a group urrently
falling into the luster from the near side. The fat that the high veloity galaxy is
in the bakground asts doubt upon whether the higher veloity substruture is in
the bakground; it does not prelude the NGC 3312 group from urrently falling
through the luster enter, sine in this ase, the low veloity member would still
be projeted in front of the higher veloity galaxy.
The struture of NGC 3312 in the optial has several peuliarities, inluding
an ar of star forming regions along one side (partiularly prominent in B and H
images of the galaxy, see Figure 7.3). In addition there are several laments that
emerge from the western side of the disk (Figures 7.1 and 7.2), whih Gallagher
suggested were due to ram pressure stripped material as the galaxy moved at high
veloity through the luster ore.
The HI properties of NGC 3312 have been studied by MMahon, Rihter,
Van Gorkom, & Ferguson (1992). They nd that the galaxy is only mildly HI
deient, with the HI disk of the galaxy having roughly the same extent as the
optial disk. The HI struture of the galaxy shares several similarities with the
optial struture, inluding a ridge of high HI surfae density along the eastern
edge of the disk, and some lament or bridge-like strutures extending outward
from the disks western edge. MMahon et al. onlude that the relatively high
HI ontent of NGC 3312 suggests that it indeed may lay in the foreground of the
luster. They attribute the optial and HI peuliarities of the galaxy to a past
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interation with the low veloity omponent of NGC 3314. Again, although this
represents one plausible senario to desribe what is happening with NGC 3312,
it still does not prelude the possibility that the in-falling NGC 3312 group is only
now reahing the area of the luster where ram pressure eets beome important,
and thus has so far been only mildly stripped of HI. Clearly, more study will be
neessary before the status of NGC 3312 an unambiguously determined.
7.2 Optial Spetrosopy
In order to better determine the soure of the material in the lament, W.
Keel obtained a long-slit spetrum of the most prominent lament on the western
edge of NGC 3312's disk. The spetrum was obtained using the ESO 3.6m in La
Silla, and onsisted of a single 30 minute integration. The wavelength overage
was roughly 3400

A to 7000

A, with a dispersion of approximately 7

A/pixel.
7.2.1 Redutions
All data frames (objet, ar spetra, and standard star) were leaned of osmi
rays in the following manner. First, osmi ray andidates were identied using the
IRAF task COSMICRAYS. These andidates were then examined individually on
the CCD frame to identify any features that were mistakenly identied as osmi
rays, as well as to identify any osmi rays that were missed by the COSMICRAYS
task. This resulted in a master list of osmi rays that were then replaed by
values interpolated from adjaent osmi ray free lines or olumns. The bias level
was then removed by tting low order polynomials to the over-san region and
then subtrating the t from the data. Pixel to pixel variations in the gain were
removed using observations of of a quartz lamp. The spetral response of the lamp
was removed by tting a surfae to the at eld image, and then normalizing the
at using this t. Surfae tting was neessary to remove the spetral response
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Figure 7.1. Image of NGC 3312 reprodued from the IIIa-J plate of Smith &
Weedman (1976). Notie the laments emerging from the western edge of the
disk. The arrow indiates the ondensation for whih the spetrum was obtained.
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Figure 7.2. R band image of NGC 3312 taken with the 3.6m telesope at La Silla.
The arrow indiates the ondensation for whih the spetrum was obtained.
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Figure 7.3. Continuum subtrated H image of NGC 3312 obtained with the
1.07m telesope at the Lowell Observatory. Notie the ar of star forming regions
along the eastern edge of the disk. The image has been smoothed with a gaussian
with  = 1 pixel.
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sine the at eld image ontained struture that varied along both the olumns
and lines (i.e. along the slit as well as along the dispersion diretion). All data
frames were at elded by dividing by the resultant frame.
The wavelength sale was determined using a ombination of a Helium-Argon
ar spetrum and the position of the [O I℄ 6300 atmospheri line. The oxygen line
was inluded to help onstrain the observed spetra in the 5900   6700

A range,
sine the ar has no spetral lines in this range. Using the known wavelengths of
the alibration lines, the objet and standard star frame where transformed onto
a linear wavelength sale. The sky spetrum was then traed and subtrated from
the objet and standard star frames. Next a one dimensional spetrum of the
standard star was extrated and used to ompute the sensitivity funtion for the
observed spetra. This sensitivity funtion was then used in onjuntion with a
standard extintion urve to plae the objet spetrum on an absolute ux sale.
A plot of the sky subtrated, ux alibrated spetrum in the range 4000-7000

A
is given in Figure 7.4. Examination shows a fairly typial nebular spetrum; H,
H (blended with its satellite [N II℄ lines), and the [S II℄ lines at 6716 and 6731
(also blended) are all present. The [O III℄ doublet at 4959,5007

A is weak, and
possibly undeteted. No useful information is present in the spetrum below
4000

A, sine the blue response of the detetor is poor. Speially, no detetion
of the [O II℄ doublet at 3727

A was possible.
Line uxes for H, H, [O III℄ 5007

A, [N II℄ 6548, 6583

A, and [S II℄ 6716,
6731

A were derived by jointly tting a set of gaussians to eah line, along with a
low order polynomial, whih was used to determine the ontinuum level for eah
line. The t was onstrained to have a single redshift and gaussian . The line
uxes of the Balmer lines were orreted for 2

A of absorption, following MCall,
Rybski, & Shields (1985). The spetrum was orreted for internal reddening
by assuming ase B reombination with a temperature T = 10; 000K and ele-
tron density n
e
= 100m
 3
(Osterbrok 1989). These parameters give a ratio
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Figure 7.4. Spetrum of the emission line knot in NGC 3312. The spetrum has
been interpolated aross  = 5577

A, to remove residuals of the strong night sky
line at that wavelength.
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Table 7.1. Derived parameters from the line tting. For all lines exept H, uxes
are quoted relative to H.
v

f
H
O III N II N II S II S II
km/s ergs/s/m
2
5007

A 6548

A 6583

A 6717

A 6731

A
Parameter 2853 1:28 10
 15
0.296 0.442 0.789 0.722 0.616
SNR 12.7 3.7 5.9 10.6 9.7 8.3
of H=H = 2:86. The observed H to H ratio suggests a modest amount of
reddening, A
V
= 0:87. The tted value of the helioentri veloity, along with
the dereddened line uxes are given in Table 7.1. Also inluded in Table 7.1 is
the signal to noise ratio for eah line (SNR), alulated in the same manner as in
Zaritsky, Kenniutt, & Huhra (1994). The noise level is determined by the RMS
value of the ontinuum near the base of the line in question, multiplied by the
width of the line. The signal is the integrated ux in the line, determined by the
Guassian t.
7.3 Abundane Determination
Before attaking the problem of deriving a spei oxygen abundane for the
H II region, the more basi question of whether the region has a high or low metal-
liity is rst onsidered. The alibration of optial line ratios for use in deriving
the abundanes of extragalati H II regions has been an area of muh ative
work in reent years (Alloin, Collin-Sourin, Joly, & Vigroux 1979; Edmunds &
Pagel 1984; MCall, Rybski, & Shields 1985; Dopita & Evans 1986; MGaugh,
S. 1991; Zaritsky, Kenniutt, & Huhra 1994). These alibrations are all semi-
empirial in nature. In the ase where the oxygen abundane is relatively low,
temperature sensitive lines of O II and O III are strong enough to be deteted,
allowing a diret alibration of line strength versus abundane using the observed
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temperatures. In the ases where the abundane is higher, the strength of the
temperature sensitive lines drops enough that they beome undetetable. In these
irumstanes, the dependene of line strength on abundane is alibrated using
alulated spetra from model nebula.
The reason for the dependene of nebular temperature on metalliity is that
the most eÆient nebular oolants are hyperne lines that our in the far infrared.
As the abundane of the nebula drops, the ooling shifts from these lines to the less
eÆient optial lines ([O II℄ 3727

Aand [O III℄ 4959, 5007

A). Therefore at relatively
high abundane, the strength of the optial oxygen lines dereases with inreasing
abundane. If the abundane drops low enough, these lines begin to weaken again,
due to the sarity of oxygen atoms. This means that there is a possible ambiguity
in an abundane determination based on the oxygen lines alone, sine the nebula
ould lie on either the high or low abundane branh of the alibration urve (see
the top panel in Figure 7.5). In order to resolve this degeneray, another line ratio
that is not double valued in the abundane is neessary. This disrimination an
be provided by the ratio of the [N II℄ lines to either the [O II℄ or [O III℄ lines.
The line ratio [N II℄ to [O III℄ is plotted against oxygen abundane (using the
alibration of Edmunds & Pagel [1984℄) in the lower panel of Figure 7.5. Notie
that at low abundane, the relation beomes very steep, but remains single valued,
making the line ratio suitable as a branh disriminate.
What do the observed line strengths in the NGC 3312 lament suggest about
its oxygen abundane? The low strength of the [O III℄ lines relative to H suggests
either a fairly high or extremely low oxygen abundane, depending on whether
the region should lie on the low or high abundane branh of the alibration. In
order to determine the orret branh, a plot of the [O III℄ to H ratio versus
the [N II℄ to [O III℄ ratio is given in Figure 7.6. The diamonds are from the
sample of predominantly upper abundane branh H II regions from the study
of Ryder (1995). The squares are low abundane branh objets olleted from
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Figure 7.5. Calibration of the line ratios (f
[OIII℄
(4959

A) + f
[OIII℄
(5007

A))=f
H
and f
[OIII℄
(5007

A)=f
[NII℄
(6584

A) as a funtion of the metalliity of the HII region,
from Edmunds & Pagel (1984).
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the literature (Dufour, Garnett, & Shields 1988 [IZw18℄; Edmunds & Pagel 1984
[n7793w℄; Garnett & Kenniutt 1994 [M101h681℄; Kunth & Sargent 1983 [Tol
65℄; Salzer, Alghieri, Matteui, Giovanelli, & Haynes 1991 [HI 1225℄; Torres-
Peimbert, Peimbert & Fierro 1989 [M101s13℄). The regions on the high and low
abundane branh are learly separated on the diagram. The line ratios for the
NGC 3312 lament are plotted as the lled irle on this diagram, learly in the
high abundane branh portion of the diagram. Furthermore, any redution in the
[O III℄ value for the lament would result in the point being moved up the relation
towards even higher abundanes. Therefore the abundane of the lament is high.
7.3.1 Derived Abundane
Having determined that the line ratios of the lament put in on the high
abundane branh of the abundane alibration, the alibration an now be used
to derive a spei oxygen abundane for the region. Using the alibration of
[O III℄/H of Edmunds and Pagel (1984) gives an abundane of 12+ log(O=H) =
9:08. This abundane has been derived using the value for [O III℄ (5007

A) given in
Table 7.1. Sine [O III℄ (4959

A) is too weak to be measured, its strength has been
inferred from the ux of the 5007 line using the theoretial ratio between uxes in
the 2 lines of [OIII℄(5007

A)=[OIII℄(4959

A) = 2:88 (Nussbaumer & Storey 1981).
Edmunds & Pagel's alibration of oxygen abundane versus [O III℄/ [N II℄ an also
be used to derive an abundane, yielding an abundane of 12+ log(O=H) = 9:04,
in exellent agreement with [O III℄/H derived value (whih is not surprising given
the position of the region in Figure 7.6). Using the average of these 2 values gives
a best estimate for the oxygen abundane of the lament of 12+log(O=H) = 9:06,
whih orresponds to 1.4 times solar.
A somewhat vexing problem is what the unertainties in the determined oxy-
gen abundane for the region is. Edmunds & Pagel (1984) quote an unertainty
in the alibrations of the line ratios of 0:2dex. The signal to noise ratios given
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Figure 7.6. Branh disriminate diagram for extragalati HII regions. High metal
branh objets are plotted as diamonds, while low branh objets are plotted as
squares. The value for the NGC 3312 lament is plotted as a lled irle.
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in Table 7.1 give some idea about the internal unertainties of the line param-
eters; however external unertainties are not so well onstrained. In partiular
the unertainties in the ux alibration, dereddening, sky subtration, ontinuum
estimation, and line deblending are more diÆult to quantify.
7.3.2 Expeted Abundane
What should the abundane of the lament gas be? The answer to this ques-
tion depends in a large part on where in NGC 3312 the gas originated. In general,
HII regions in spiral galaxies exhibit abundanes that depend on their position in
the galaxy, with abundanes generally dropping with inreasing distane from the
enter of the galaxy. Thus if the lament represents gas from outer parts of NGC
3312 we would expet a relatively low abundane, while if the gas is material that
has been stripped from the inner parts of the galaxy, we would expet a fairly high
abundane. The dependene of oxygen abundane on surfae brightness for spiral
galaxies has been quantied by Ryder (1995), who uses surfae photometry and
abundane measurements for 5 galaxies to derive an empirial relation between
oxygen abundane and azimuthally averaged I band surfae brightness. I have
onverted his relation from I to R band using Ryder & Dopita's (1994) V and I
band surfae photometry, along with a t of the relation between (V-R) and (V-I)
olors for galaxies (Buta & Williams 1995), giving
12 + log(O=H) = 10:95(0:90)  0:095(0:034)
R
(7.1)
where 
R
is the R band surfae brightness in magnitudes per square arseond.
Using a photometrially alibrated image of NGC 3312 obtained at the Lowell
observatory, equation 7.1 an be used along with the surfae brightness at the
radius of the observed region to predit an expeted oxygen abundane for material
in that part of the galaxy. Doing this gives a surfae brightness of 
R
 26:5
magnitudes per square arseond. This value of the surfae brightness gives a
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oxygen abundane of 12 + log(O=H)  8:43. Although the satter of Ryder's
(1995) data around his mean relation was moderate, none of the HII regions
onsidered in Ryder's paper with surfae brightnesses fainter that 
R
 24:5 have
12 + log(O=H)  9:0.
A possible explanation for the origin of the line emitting region is that it is
not atually physially assoiated with NGC 3312, but is instead a dwarf galaxy
in the luster superimposed along the line of sight. In order to examine this idea,
the relation between absolute blue magnitude and oxygen abundane found by
Skillman, Kenniutt, & Hodge (1989) was employed to alulate the expeted
abundane of a dwarf galaxy of similar luminosity to the ondensation. The
observed R band magnitude using the Lowell image is R  20:75. Sine the
lament is very blue in olor, the blue magnitude was estimated using B   R
olors in the range 0.25-0.75, whih gives absolute blue magnitudes in the range
 13:5 to  14:0 at the distane of Abell 1060. Using this range of blue magnitude
in Skillman et al. (1989) gives a predited abundane of 12+log(O=H) = 7:5 7:6,
muh lower than that observed.
These results suggest that the material does not originate at the observed posi-
tion, but instead omes from somewhere deeper in NGC 3312. Using equation 7.1
to predit the mean surfae brightness at whih material with the observed abun-
dane would originate gives 
R
 19:9, whih would suggest an origin within the
inner 1-2 kp of the galaxies disk. Given the satter in Ryder's observed relation,
the above value should probably not be interpreted too literally. However it does
seem likely that the material in the lament originates from somewhere in the
inner disk of NGC 3312, and not from its present observed position.
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7.4 Summary
Spetrophotometry for a lament in the outer part of the luster spiral NGC
3312 is presented. The observed strengths of [OIII℄ and [NII℄ lines lead to an
abundane estimate for the galaxy of 12+log(O=H) = 9:06 (1.4 times solar). This
abundane is muh higher than would reasonably be expeted if the gas originated
either in the disk of NGC 3312 at its observed radius, or if the ondensation were
atually a dwarf galaxy. This suggests that the material in the observed lament
originated somewhere deeper in the disk of NGC 3312, and has been transported
outward, possibly by ram pressure as the galaxy moves through the ICM of Abell
1060. Although ram pressure seems like the most likely mehanism for moving the
gas outward, a note of aution is in order in interpreting the overall appearane
of NGC 3312 as being due to ram pressure eets. In a study of two galaxies
that were onsidered to be exellent andidates for global ram pressure sweeping,
Davis, Keel, Mulhaey, & Henning (1997) nd that a more likely explanation for
these galaxies whose morphology resembles that of NGC 3312 is tidal interations
with other galaxies. This is the same onlusion reahed by MMahon et al.
(1992) for NGC 3312 based on its HI properties. Davis et al. (1997) also onlude
that some of the less prominent features of NGC 1961 and NGC 2276 may be
due to ram pressure, whose eÆieny is enhaned due to the tidal interations,
whih may make galaxies more vulnerable to gas dynamial eets. Perhaps the
ultimate explanation for the properties of NGC 3312 may be similar.
8 Conlusions
This dissertation had three purposes:
1. To determine whether there exists a population of luster galaxies that has
either a deit or exess of urrent star formation ompared to omparable
eld galaxies.
2. To examine the onnetion between any suh population and the presene
of signiant substruture in the lusters that the galaxies reside.
3. To use the spatial distribution of star formation within galaxies to help
onstrain what environmental mehanisms are urrently ating upon the
galaxies.
Not surprisingly given the somewhat ambitious sope of what was undertaken,
these goals have not been ompletely met, but progress has been made in eah of
the above areas.
This work has found evidene for populations of galaxies with both deits
and exesses of H emission in nearby lusters, some of whih had been noted
before by other workers (Kenniutt 1983a; Gavazzi et al. 1991). The survey of
the Herules luster presented here shows a population of early type galaxies with
modest H exesses.
The evidene for a onnetion between these deits and exesses and sub-
strutures is less lear. Analysis of the postage stamp survey data for nearby
lusters shows evidene that H deit galaxies are more likely to be in dynam-
ially relaxed lusters, and H exess galaxies are more ommon in less dynam-
ially relaxed lusters. The evidene from the Herules luster shows that there
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is no preferene for the H exess systems in the luster to be assoiated with a
partiular subluster. This either means that the subluster environment is not
important in stimulating the observed H exesses, or that the Herules luster
is dominated by sub-lusters, and thus most parts of the luster have assoiated
H exess systems.
The question of environmental triggering has also not been onlusively ad-
dressed in this work. First, it is possible that the observed population ofH exess
galaxies are not the result of interation with the luster environment, but may
instead represent a manifestation that ours in galaxies, regardless of their envi-
ronment. While I do not believe this is the ase, only a omplete sample of eld
S0's an deide onlusively whether this is the ase or not. Assuming that there
is environmental stimulation of the H exess galaxies, the urrent data gives
some onstraint upon its nature, but is unable to pinpoint a single mehanism as
being responsible. Strong galaxy-galaxy interations seem an unlikely mehanism,
beause most of the H exess galaxies show little sign of tidal damage. Ram
pressure enhanement also seems unlikely, beause most of the H exess galaxies
show entral enhanements to their emission rather than disk-wide star formation,
and beause most of the H exess galaxies are in parts of the luster where the
ICM density seems to be very low. The mehanism of high speed galaxy enoun-
ters sometimes referred to as galaxy harassment is also unlikely, sine the fat the
galaxies are probably falling into the luster for the rst time means that most
galaxies have not yet spent enough time in the luster environment to be harassed.
Tidal triggering by the luster potential has the advantage of distorting galaxies
symmetrially, and thus leaving more subtle signs on the struture of the galaxy.
However the range over whih this mehanism should be eetive in the Herules
luster is muh smaller in extent than the distribution of the H exess galaxies,
suggesting that luster tides are not responsible for the H exess galaxies. This
means that the most likely environmental agent is minor galaxy interations or
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mergers, whih would leave the aeted galaxy relatively undamaged. Unfortu-
nately, the major point in the favor of minor interations or mergers is not that
the proess is observed to be happening, but that the signs that it is happening
are very diÆult to detet.
8.1 Future Work
Fortunately, the inability to answer all the questions put forth at the begin-
ning of this dissertation leaves substantial room for further investigation. In the
Herules luster, optial spetrosopy of the H exess galaxies for whih spetra
have not already been obtained would be useful in determining more about the
physial state of the star forming regions of these galaxies. Determination of the
HI properties of the galaxies, either from the VLA survey of Dikey (1997), or
from further VLA or Areibo observations would help onstrain the neutral gas
ontent and kinematis of these systems.
Beyond the Herules luster, similar surveys of lusters arefully seleted to
span a range of substrutures would help deide how unique the H exess galax-
ies observed in Herules really are. Finally, a omplete H eld survey, whih
inluded signiant numbers of S0 galaxies would show how ommon galaxies like
those observed in the Herules luster are in the general galaxy population.
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